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INTRODUCTION

Most patients with metastatic breast cancer succumb to their

disease. Chemotherapy is often standard treatment for these

patients; however, effectiveness of the available chemotherapeutic

drugs is limited by lack of selectivity and a narrow therapeutic

window. Gene therapy is a potentially novel approach to cancer

treatment. In this context, transfer of suitable genetic material

into a specific cell type (either tumor or host) can be used to

alter the phenotype of the target cell. One such strategy is

based on direct transfer of a "suicide gene" which encodes an

enzyme, such as herpes simplex thymidine kinase (HSV-tk), that can

activate a prodrug within tumor cells and thereby render the tumor

cells sensitive to agents which are otherwise nontoxic to the

cell. Another approach is to develop gene therapy strategies that

induce active specific immunity against tumor-associated antigens.

In the context of the delivery of a suicide gene, clinical

efficacy will require a gene delivery system with high gene

transduction efficiency and target cell specificity. By contrast,

in the development of gene therapy based vaccines, transduction

efficiency is less of an issue and target cell specificity is

induced through the immune system.

Human adenoviruses are non-enveloped double-stranded DNA

viruses with a genomic size of approximately 36 kb. The El gene

deleted adenoviruses are replication defective and can be grown in

a packaging cell line transformed with the Ela and Elb genes.

Adenoviral vectors deleted at the El and E3 regions are capable of

accomodating DNA inserts up to 8 kb. Moreover, adenovirus-
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mediated gene transfer is a highly efficient means for delivery of

genetic material into a wide spectrum of cells both in vitro and

in animals. Although recombinant adenoviruses hold promise for in

vivo gene therapy and are being tested clinically, one of the

limitations of this vector system for cancer therapy may be the

non-specific transduction of therapeutic genes into non-target

cells. One strategy to circumvent this limitation would be to use

a tumor-tissue specific/selective promoter or enhancer to direct

the expression of a therapeutic gene in the desired target cells.

DF3 antigen (also designated MUCI and episialin) is a member

of a family of high molecular weight glycoproteins which are

aberrantly overexpressed in most human breast cancers. We have

previously shown that monoclonal antibody MAb DF3, prepared

against a membrane enriched extract of a human breast carcinoma

metastatic to liver, reacts with over 75% of primary human breast

carcinomas. Other studies have shown that overexpression of the

DF3 gene in human MCF-7 and ZR-75 breast cancer cells is regulated

at the transcriptional level. Cloning and characterization of the

5' flanking region of DF3 gene has demonstrated that DF3 gene

expression is mainly regulated by sequences between positions -598

and -485 base pairs upstream to the transcription start site. The

DF3 protein is one member of the MUCI family of carcinoma-

associated antigens that contain variable numbers of highly

conserved (G+C)-rich 60 base pair tandem repeats. A C-terminal

region includes a transmembrane domain that anchors the antigen at

the cell surface. Cell-cell interactions are reduced in cells

transfected with the MUCI cDNA. Other work has demonstrated that

DF3 inhibits the recognition of targets by immune effector cells.
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These findings have suggested that the DF3/MUC1 tumor-associated

antigen may represent an attractive target for a vaccine against

breast cancer.
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BODY

Experimental Methods

1. Breast cancer selective gene expression and

therapy mediated by recombinant adenoviruses containing

the DF3/MUC1 promoter.

Cell culture. The MCF-7, ZR-75-1, BT-20, and MDA-MB231

breast cancer cell lines were obtained from American Type Culture

Collection (ATCC, Rockville, MD). The Hs578Bst myoepithelial cell

line derived from normal breast tissue adjacent to a infiltrating

ductal carcinoma (1) and the human T98G glioblastoma cell line

were also obtained from ATCC. Cells were grown as monolayers in

recommended culture medium supplemented with 10% heat-inactivated

fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and

100 gg/ml streptomycin. Cells were maintained in a 5% C02

humidified atmosphere.

Recombinant adenoviruses. Recombinant adenoviruses

Ad.DF3-pgal and Ad. CMV-Pgal derived from type 5 adenovirus (Ad 5),

were produced by homologous recombination in the human embryonic

kidney cell line 293 (2). The DF3 5' flanking region (-725 to

-31) was inserted into Xho I and Spe I digested plasmid pCMVXgal

(provided by Dr. R. Crystal, Cornell Medical Center, NY). The

resulting plasmid pDF3Pgal contains the E.coli P-galactosidase

(lacZ) gene with the SV40 polyadenylation signal under the control

of DF3 promoter and SV40 splice donor/acceptor signal, flanked by

Ad 5 map units 0.0-1.3 and 9.3-17.3. To construct AD.DF3-tk, a

2.0 kb cDNA of HSV-tk was used to replace the lacZ gene in the

shuttle plasmid pDF3Pgal. The shuttle plasmids were cotransfected
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by calcium phosphate precipitation into 293 cells together with

pJM17 plasmid containing the adenoviral genome (kindly provided by

Dr. Graham, McMaster University, Ontario, Canada). Recombinant

adenovirus was isolated from a single plaque and expanded in 293

cells. The viral DNA was purified and analyzed by restriction

enzyme digestion and by polymerase chain reaction (PCR). A pair

of primers, 5'-TCTAGACTAGTGGACCCTAGGGTTCATCGGAG-3'and 5'-

AACTCGAGGATTCAGGCAGGCGCTGGCT-3' was used to amplify and verify the

presence of the DF3 promoter (-725 to -31) in the viral genome.

Ad.CMV-Pgal and AD.CMV-tk are structurally similar replication-

deficient recombinant adenovirus in which the lacZ and HSV-tk

genes, respectively, are under the control of cytomegalovirus

(CMV) immediate-early promoter and enhancer. Large scale

production of recombinant adenovirus was accomplished by growth in

293 cells and purification by double cesium gradient

ultracentrifugation as described (3). The titers of purified

adenovirus were determined by a spectrophotometer and by plaque

assays.

Adenovirus infection in vitro. Twenty-four h after plating,

cells were infected with adenovirus at a multiplicity of infection

(MOI) of 10-50. 48 h later or at a specified time post infection,

cells were evaluated for the expression of the reporter gene or

evaluated for sensitivity to GCV.

Assays for P-calactosidase. Histochemical staining with

5-bromo-4-chloro-3-indolyl P-D-galactoside (X-Gal). Sections of

fresh frozen tissue (12 gm) or cells were fixed with 0.5%

glutaraldehyde in phosphate-buffered saline (PBS) containing 1 mM
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MgCl 2 for 10 min, rinsed with PBS, and then incubated with X-Gal (1

mg/ml), 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 1 mM MgCI2 in PBS for 4 h.

Fluorescence-activated cell sorting (FACS) analysis. (i)

Indirect immunofluorescent analysis of DF3 antigen. Cultured cells

(1-2 x 106) were washed extensively with 1% bovine serum albumin

(BSA) in PBS and incubated with MAb DF3 (1 gg/ml) or isotype

identical control antibody mouse IgG (F-8765, Sigma Chemical Co.,

St. Louis, MO) at 40C for 1 h, and then washed with 1% BSA/PBS.

Cells were incubated with fluorescein isothiocyanate (FITC)-

conjugated goat anti-mouse IgG (F2012, Sigma) at 40C for 1 h,

washed and analyzed on a Becton Dickinson FACScan. Intensity of

fluorescence was determined for 10,000 cells and compared with the

fluorescence obtained using a non-reactive immunoglobulin of the

same isotype. (ii) FACS-GAL assay (18). Briefly, 1 x 106 cells

were suspended in 50 4i of serum-free culture medium and warmed to

370C. An equal volume of 2 mM fluorescein di-3-D-galactopyranoside

(FDG; Molecular Probes, Eugene, OR) was added to each aliquot of

cells. The cells and FDG were mixed rapidly and incubated for 1

min at 37 0 C. Thereafter, cells were washed once with 4 ml ice-

cold PBS and maintained in ice-cold PBS until analysis on a Becton

Dickinson FACScan.

Assays for GCV sensitivity in vitro. Adenovirus (Ad)-

infected and noninfected cells were plated at 4 x 104 cells/well in

6 well plates. GCV was added to the culture medium at various

final concentrations (0-250 pM). After 6-8 days of incubation,

cells were washed with PBS and trypsinized. The number of viable

cells were determined by trypan blue exclusion. Cell number was

also assessed using a colorimetric cell proliferation (XTT) assay

-7-



DAMD17-94-J-4394
DONALD W. KUFE, M.D.

that measures the mitochondrial dehydrogenase activity of viable

cells Results are expressed as a growth ratio of the nubmer of

cells in plates containing drugs as a percentage of that in the

corresponding drug-free controls.

In vivo gene transfer to human breast cancer xenoqrafts.

Female athymic nude mice (Swiss-nu/nu, Taconic, Germantown, NY),

20-25 g, were used. For mice bearing MCF-7 or ZR-75-1 tumors, a

single pellet of 17,0-estradiol (1.7 mg/60-day release, Innovative

Research, Toledo, OH) was implanted subcutaneously one day before

tumor inoculation. i) Subcutaneous tumor model. Cells (MCF-7,

ZR-75-1 and MDA-MB231) in exponential growth phase (1 x 107 in 0.2

ml) were injected subcutaneously in the flanks of the animals. At

4 to 6 weeks after tumor implantation, up to 5 x 108 plaque-forming

units (pfu) of purified recombinant adenovirus in 20 gi were

injected into MCF-7, ZR-75-1, and MDA-MB231 xenografts, and into

limb skeletal muscle. A Hamilton syringe with a 26 gauge needle

was used for injection. The needle was coated with fine charcoal

particles to mark the needle tract in order to verify co-

localization of the expression of the reporter gene with the viral

injection. Three days after adenoviral infection, the animals

were sacrificed and expression of the reporter gene in tumor

xenografts and host tissues was evaluated. ii) Intraperitoneal

tumor model. MCF-7 cells (5 x 106) were injected i.p. for the

development of intraperitoneal tumors (day 0). On day 4 and 5

after tumor cell injection, 1 x 109 pfu adenovirus in 0.5 ml PBS

were injected i.p. into the mice. On day 7, the animals were

treated with either saline or GCV (125 mg/kg) daily for 4 days by

i.p. injection. The animals were sacrificed at 5-6 weeks after
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tumor inoculation. Tumors were collected and weighed for each

animal.

2. Selective transgene expression for detection and

elimination of contaminating carcinoma cells in

hematopoietic stem cell sources.

Cell lines. The MCF-7, ZR-75-1, BT-20 and SKBR3 breast

carcinoma, the A549 lung carcinoma, DU145 prostate carcinoma,

SKOV3 ovarian carcinoma and T98G human glioblastoma cell lines

were obtained from American Type Culture Collection (ATCC,

.Rockville, MD). Cells were grown as monolayers in recommended

culture medium supplemented with 10% heat-inactivated fetal bovine

serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin, and 100

gg/ml streptomycin.

Human hematopoietic cells. Human PB mononuclear cells were

isolated by Ficoll-Paque (Pharmacia, Piscataway, NJ) density

gradient centrifugation (d=1.077, 400 x g) from leukocyte-enriched

leukopaks of healthy donors. Cells were suspended in RPMI 1640

medium containing 10% heat-inactivated FBS, 2 mM L-glutamine, 100

units/ml penicillin, and 100 gg/ml streptomycin. Bone marrow was

obtained from filters used to prepare harvested marrow from normal

donors and the mononuclear cells were isolated by Ficoll-Paque

density gradient centrifugation. Bone marrow stromal cells were

isolated by adherence (4).

CD34+ cells were isolated using the Ceprate LC cell

separation system (CellPro Inc., Bothell, WA). In brief, BM cells

were incubated with a biotinylated mouse anti-CD34+ MAb, washed

and then passed through an avidin column. Nonadsorbed cells were
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removed by washing, and adsorbed cells were eluted from the

column. The enriched cells (80-90% CD34+) were maintained in

Iscove's MEM containing 12.5% FBS, 12.5% horse serum and 1 PM

hydrocortisone.

Antibody reaction and fluorescence-activated cell sorting

(FACS) analysis. Monoclonal antibodies (MAbs) used were

specifically reactive with the cell surface antigens: CD3 (T3,

Coulter, Miami, FL), CD13 (L138, Becton Dickinson), CD19 (B4,

Coulter), CD34 (Becton Dickinson, San Jose, CA), CD51 (integrin av,

clone 1980, Chemicon Inc., Temecula, CA), integrin =03 (LM609,

kindly provided by Dr. David Cheresh, Scripps Research Institute,

CA) and integrin av05 (5) (Clone B5-IA9, generously provided by Dr.

Martin E. Hemler, Dana-Farber Cancer Institute). Cells were

incubated with antibody for 30 min on ice. If the antibody was

not directly conjugated with fluorescein isothiocyanate (FITC) or

phycoerythrin (PE), a secondary antibody conjugated with FITC or

PE (SIGMA, St. Louis, MO) was used for indirect fluorescence

labeling. Cells were then washed and evaluated by flow cytometric

analysis.

Recombinant adenoviruses. Ad. CMV-Pgal, Ad.CMV-tk (6), and

Ad.CMV-Luc (kindly provided by Dr. Robert Gerard, University of

Texas) (7) are replication-deficient recombinant adenoviruses in

which the luciferase, P-galactosidase, and HSV-tk genes,

respectively, are under control of the cytomegalovirus (CMV)

immediate-early promoter and enhancer. Ad.DF3-pgal and Ad.DF3-tk

are recombinant adenoviruses in which the specified genes are

under control of the DF3/MUC1 tumor-selective promoter (6, 8).

Adenoviral vectors were produced by homologous recombination in
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the human embryonic kidney cell line 293 as described (3). Large

scale production of recombinant adenovirus was accomplished by

growth in 293 cells and purification by double cesium gradient

ultracentrifugation as described (3). Titers of purified

adenovirus were determined by spectrophotometry and by plaque

assays.

Adenovirus infection. Cells suspended at 0.5 to 2 x 10 6 /ml

culture medium were infected with adenoviruses at a multiplicity

of infection (MOI) of 1 to 1000 for 2 h, washed and then

resuspended in fresh media. Cells were evaluated for the

expression of the transgene at 24 to 48 h post infection.

Assay for luciferase activity. Luciferase activity was

measured with D-luciferin (Analytical Luminescence Laboratory, San

Diegi, CA) using a luminometer. Activity is presented as relative

luminescent units (RLU) in an indicated number of cells.

Assays for 0-aalactosidase. (i) Chemiluminescence assay.

Quantitation of enzyme activity was determined by a

chemiluminescence assay using Galacto-Light system (Tropix, Inc.,

Bedford, MA) that detects 2 fg to 20 ng of P-galactosidase (9).

Activity is presented as relative luminescent units (RLU) in an

indicated number of cells. ii) Histochemical staining. Cells

were fixed with 0.5% glutaraldehyde in phosphate-buffered saline

(PBS) containing 1 mM MgCI 2 for 10 min, rinsed with PBS, and then

incubated with X-Gal (1 mg/ml), 5 mM K3Fe(CN) 6 , 5 mM K4Fe(CN) 6 , 1

mM MgCI 2 in PBS for 4 h. (iii) FACS-GAL assay (10). Briefly,

0.5-1 x 106 cells were suspended in 50 4i of serum-free culture

medium at 370 C. An equal volume of 2 mM fluorescein di-p-D-

galactopyranoside (FDG; Molecular Probes, Eugene, OR) was added to
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each aliquot of cells. The cells and FDG were mixed rapidly and

incubated for 1 min at 37 0 C. Thereafter, cells were washed once

with 4 ml ice-cold PBS and maintained in ice-cold PBS until

analysis.

Tumor cell clonogenic assay. At 24 h after adenovirus

infection, ganciclovir (GCV) was added to cells and incubated for

24 h. Serial dilutions of cells were plated on 30-mm culture

dishes. Cells were incubated for 2 wks, and colonies (>50 cells)

were stained with crystal violet and counted. Results are

expressed as the surviving cell fraction + SEM for the treated

groups compared to controls.

Hematop~oietic progenitor cell assays. Erythroid burst-

forming units (BFU-E) and granulocyte-monocyte colony-forming

units (CFU-GM) were assayed in a methylcellulose culture system

(Stem Cell Technologies, Vancouver, British Columbia, Canada)

containing recombinant human stem cell factor (50 ng/ml), GM-CSF

(10 ng/ml), IL-3 (10 ng/ml), and erythropoietin (EPO) (3 U/ml).

The numbers of colonies were counted after two weeks. For more

primitive progenitor cells, the number of long-term culture-

initiating cells (LTC-ICs) were determined by culturing serial

dilutions of CD34+ cells on irradiated bone marrow stromal cells in

96-well plates for 5 weeks. The number of wells that contained

colonies was then assessed by growth in methylcellulose culture

(Stem Cell Technologies) (4). The frequency of LTC-ICs was

calculated by plotting the input cell number against the

proportion of negative wells as described (4, 11).

Polvmerase chain reaction (PCR) analysis. CD34+ cells,
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CFU-GM and BFU-E picked from methylcellulose culture were digested

at 56 0 C for 1-2 h with proteinase K (2 mg/ml) in cell lysis buffer

containing 50 mM KCl, 10 mM Tris-HCI (pH 8.3), 1.5 mM MgCI 2 , 0.1

mg/ml gelatin (Sigma), 0.45% NP40, and 0.45% Tween 20, as

described (12). Samples were then heated at 95 0 C for 5 min. DNA

was amplified using the GeneAmp PCR reagent kit (Perkin

Elmer/Cetus, Norwalk, CT). The P-actin gene was used as an

internal control and amplified using the primers

5'TCACCCACACTGTGCCCAT3' and 5'GCATTTGCGGTGGACGATG3'. The

adenovirus EIA gene was amplified using primers

5'ATTACCGAAGAAATGGCCGC3' and 5'CCCATTTAACACGCCATG3'. The

adenovirus E2B gene was amplified using primers

5'TCGTTTCTCAGCAGCTGTTG3' and 5'CATCTGAACTCAAAGCGTGG3' as described

(13).

Statistical analysis. Results are presented as means ± SEM.

Data comparisons were made by ANOVA. Pairwise comparisons were

made using Fisher's PLSD (14) with STATVIEW 4.0 software (Abacus

Concepts, Inc., Berkley, CA).

3. Induction of antigen-specific antitumor immunity

with adenoviral-transduced dendritic cells.

Cell culture. DC were isolated from bone marrow cultures as

described (15). Briefly, bone marrow flushed from the long bones

of C57B1/6 mice was treated with ammonium chloride to lyse red

cells. Lymphocytes, granulocytes and Ia+ cells were depleted by

incubation with monoclonal antibodies (MAbs) 2.43 (anti-CD8; ATCC,

Rockville, MD), GKI.5 (anti-CD4; ATCC), RA3-3AI/6.1 (anti-
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B220/CD4SR; ATCC), B21.2 (anti-Ia; ATCC), RB6-85C (anti-Gr-l;

Pharmingen, San Diego, CA) and rabbit complement. The cells were

plated in RPMI 1640 medium containing 5% heat-inactivated fetal

calf serum, 10 mM HEPES (pH 7.4), 50 pM 2-mercaptoethanol, 2 mM

L-glutamine, 100 U/ml penicillin, 100 gg/ml streptomycin and 500

U/ml recombinant murine GM-CSF (Boehringer-Mannheim). After 7 d,

the tightly adherent monocytes were harvested for transduction,

while the nonadherent and loosely adherent cells were collected

and replated in 100-mm Petri dishes (8 x 106 cells/dish). The

nonadherent cells were removed after 30 min by washing, and medium

containing GM-CSF was added to the dish. The cells were incubated

for 18-24 h and the floating DC population was then harvested for

analysis and transduction.

Recombinant adenoviral infection. Ad.pgal and Ad.MUC1 are

structurally similar replication-deficient recombinant

adenoviruses in which the lacZ and DF3/MUC1 genes (16),

respectively, are under control of the cytomegalovirus (CMV)

immediate-early promoter and enhancer (6, 17). DC and monocytes

were incubated with recombinant adenovirus at the indicated

multiplicity of infection (MOI) for 6 h, washed and then cultured

in medium containing GM-CSF.

Analysis of adenoviral-transduced DC. Cells were washed with

PBS and incubated with MAb D19-2F3-2 (anti-pgal; Boehringer-

Mannheim), DF3 (anti-MUCI), Ml/42/3.9.8 (anti-MHC Class I; ATCC),

M5/114 (anti-MHC Class II; ATCC), 16-1OAl (anti-B7-1; provided by

Dr. Hans Reiser, Dana-Farber), GLI (anti-B7-2; Pharmingen) or 3E2

(anti-ICAM; Pharmingen) for 30 min on ice. After washing, the

cells were incubated with fluorescein isothiocyanate (FITC)-
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conjugated anti-hamster, -rat or -mouse IgG for analysis by

FACScan (Becton-Dickinson). For immunoperoxidase staining, the

cells were centrifuged onto slides, incubated with MAb DF3 or MAb

M5/114 and stained by the avidin-biotin complex method (Vector

Laboratories, Inc., Burlingame, CA) (18).

Mixed lvmphocyte reactions. Control and transduced DC were

treated with 20 Gy ionizing radiation. The cells were incubated

at varying ratios with syngeneic (C57BI/6) or allogeneic (Balb/c)

T cells in 96-well flat-bottomed plates for 4-5 d. The T cells

were prepared by passing spleen suspensions through nylon wool

columns, incubation for 90 min in culture dishes and collection of

the nonadherent cells. Stimulation of T cells was assessed by

pulsing with 1 gCi/well [3H]thymidine (New England Nuclear) for 6 h

and monitoring for tritium incorporation.

Immunoblot analysis. Lysates from control and Ad.MUCI-

transduced DC were subjected to electrophoresis in 6%

polyacrylamide gels and analysis for reactivity with MAbs DF3 and

DF3-P as described (19).

Immunizations. C57B1/6 mice were injected intravenously with

5 x 105 DC or monocytes on day 0 and again on day 10.

CTL assays. CTL activity was determined by the lactate

dehydrogenase (LDH) release assay (CytoTox, Promega, Madison, WI)

(20). Splenocytes isolated from mice were subjected to Ficoll

density gradient centrifugation. The splenocytes were incubated

with target cells at varying E:T ratios in V bottom microtitration

plates (Nunc;, Roskilde, Denmark), centrifuged for 3 min at 1000g

and incubated for 4 h at 370 C. At the end of coculturing, 50 pi

supernatant were transferred to an assay plate and incubated with
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50 gi of substrate mixture for 30 min at room temperature.

Absorbance was determined at 490-429 nm by microplate reader

(Model 3550, BIO-Rad Laboratories, CA). Killing of target cells

by effectors was determined by the formula: Cytotoxicity (%)=100

x (experiment release - spontaneous release)/(maximum release -

spontaneous release).

Antitumor activity. Mice were immunized twice (day 0 and 10)

by intravenous injection of 5 x 105 DC or monocytes. On day 18,

mice were challenged subcutaneously with 2 x 105 MC-38 cells that

stably express DF3/MUCI (16). Tumors >3m or greater in diameter

as determined by vernier callipers were scored as positive.

4. Second generation DF3/MUC1 adenoviral vectors.

a) DF3 promoter/TET on/off plasmids.

Construction of DF3 promoter/TET on/off plasmids. The rtTA

gene or the tTA gene, which when expressed activate transcription

of the TRE, was prepared from pTet-on or pTet-off (CLONTECH) by

isolating fragments generated by digestion with BamHl and EcoRI.

The rtTA gene or the tTA gene was ligated into the EcoRV site of

pDF3-Pgal by blunt end ligation. The resulting plasmids, pDF3-Tet

on and pDF3-Tet off, were thus derived by replacing the lacZ gene

with rtTa or tTa, respectively.

Construction of DCMV-Tet on and pCMV-Tet off plasmids. The

pCMV-Tet on and the pCMV-Tet off plasmids were constructed by

replacement of the lacZ gene in pCMV-0-gal with rtTA and tTA,

respectively, as described above.

Construction of pTRE-D-gal and pTRE-tk plasmids. The Phcmv*-i

promoter, which contains the Tet-responsive element (TRE) upstream
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of the minimal CMV promoter, was isolated from pTRE (CLONTECH) by

digestion with EcoRI and XhoI. The Phcmv*-l Tet-responsive

promoter was then ligated into XhoI and SpeI digested pCMV-Pgal or

pCMV-tk by blunt end ligation.

b) DF3/MUC1 promoter replication competent adenovirus

pKSCMVEI and pAdCLxB were kindly provided by Dr. Brough,

GenVec. pKSCMVE1 contains the sequences which encode the El

region. pAdCLxB contains adenovirus 5 (Ad5). pDF3/CMV, the plasmid

for the replication competent adenovirus vector, was generated

using a first set of PCR primers, A2s(475)XS (5'-

GGACTAGTAAGCTTCTCGAGCCCGTGAGTTCCTCAAGAGG-3') and A2a(921)NS

(5'-TCCCCCGGGCTAGCATCGATCACCTCCGGCACAA-3') and produced a 480 bp

fragment. The 480 bp PCR fragment was digested with the SpeI

and SmaI, and then was ligated into the SpeI and StuI digested

pAdCLxB (plasmid#l). A second set of PCR primers, DF3.5'

(5'-TCTAGACTAGTGGACCCTAGGGTTCATCGGAG-3') and DF3.3'

(5'-AACTCGAGGATTCAGGCAGGCGCTGGCT-3') produced a 780 bp fragment

which contains the DF3 promoter which was ligated into the SpeI

and XhoI digested plasmid#1 (plasmid#2). The ClaI fragment from

pKSCMVEI-5kb was ligated into ClaI digested plasmid#2 to yield

pDF3/CMV. pDF3 was constructed by deleting a CMV promoter from

pDF3/CMV digested with SpeI and BamHI, blunt ending with klenow

and then ligation. pDF3/CMV-GFP was constructed by inserting the

GFP cDNA into BamHI site.

Recombinant adenoviruses were produced by homologous

recombination in the human embryonic kidney cell line 293(11).

Three ug of plasmid pDF3/CMV-GFP, pDF3/CMV, or pDF3 were mixed
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with 6ug of pJMl7, precipitated with CaCl 2 , and used to transfect

293 cells. Recombinant adenovirus was isolated from a single

plaque and expanded in 293 cells. The viral DNA was purified and

analyzed by polymerase chain reaction (PCR). Two pairs of primers

DF3.5' and DF3.3', A2S(475)XS and A2A(921)NS, were used to amplify

and verify the presence of the DF3 promoter (-725 to +31) and Ad2

ElA in the viral genome.

Virus was prepared by infecting 80 15-cm plates of 293 cells

and harvesting the detached cells after 48 h. The virus remains

associated with the cell. Cells were collected by centrifugation

at 1200 RPM for 5 min at 40 C. The cells were resuspended in 10 ml

of cold PBS (Ca2+ and Mg2+ free), and were lysed by three

repetitions of freeze and thaw. Cells were collected by

centrifugation at 3000 RPM for 10 min at 40 C. The supernatant was

layered onto a CsCl gradient containing equal parts of 1.45 g/ml

and 1.20 g/ml CsCl in PBS and centrifuged for 2 h at 35000 rpm at

120 C in a Beckman Ti4l rotor. The virus band was removed, rebanded

in a preformed CsCl gradient by ultracentrifugation for 18 h, and

dialyzed into cold 10 mM Tris-HCl (pH 7.4), 10 mM MgCI 2 containing

10% glycerol.
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RESULTS AND DISCUSSION

1. Breast cancer selective gene expression and

therapy mediated by recombinant adenovirus containing the

DF3/MUCl promoter.

Selective expression of D-palactosidase in human cell lines in

vitro. A replication defective recombinant adenovirus was

constructed that contains the 3-galactosidase gene under control of

the DF3 promoter. Expression of 3-galactosidase was evaluated in

Ad.DF3-3gal-infected MCF-7, ZR-75-1, BT-20, and MDA-MB231 breast

cancer cells. In addition, Hs578Bst, a myoepithelial cell line

derived from normal breast tissue and T98G, a human glioblastoma

cell line were used in these studies. Each cell line was infected

with either Ad.DF3-Pgal or Ad.CMV-Pgal at a MOI of 50. Expression

of P-galactosidase was observed in MCF-7, ZR-75-1, and BT-20 cells

infected with Ad.MDF3-Pgal, whereas little if any P-galactosidase

activity could be detected in similarly infected Hs578Bst, MDA-

MB231 and T98G cells. In contrast, all of these cell lines showed

strong expression of P-galactosidase when infected with Ad.CMV-Pgal

in which the reporter gene is under control of CMV early promoter

and enhancer. MCF-7 cells infected with Ad.DF3-0gal at an MOI of

50 exhibited highest P-galactosidase activity at day 3 to day 7

post infection. Transgene expression gradually decreased to

approximately 15% of maximum at 2 weeks post infection.

Expression of 3-calactosidase in Ad.DF3-Dgal infected cells

correlates with the expression of DF3. To assess whether there is

a correlation between DF3 expression and capability of these cells

to express P-galactosidase after Ad.DF3-fgal infection, we examined
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the presence of DF3 antigen in MCF-7, ZR-75-1, and MDA-MB231 cells

by FACS analysis. MCF-7 and ZR-75-1 cells exhibited strong

reactivity with MAb DF3, a monoclonal antibody against DF3

antigen, while little if any MAb DF3 binding was detectable with

Hs578Bst cells. Using the FACS-GAL assay, all MCF-7 and ZR-75-1-

cells infected with Ad.DF3-pgal appear to express 3-galactosidase

with an increase in mean fluorescent intensity of up to 35-fold.

In contrast, there was little if any expression of P-galactosidase

in Ad.DF3-ogal-infected Hs578Bst cells. These findings support a

correlation between the presence of cellular DF3 antigen and

expression of P-galactosidase in Ad.DF3-pgal-infected cells.

Ad.DF3-tk sensitizes DF3-positive MCF-7 and ZR-75-1 breast

cancer cells to GCV in vitro. Given the finding that the DF3

promoter can direct selective expression of a reporter gene, we

replaced the 3-galactosidase gene in Ad.DF3-pgal with HSV-tk. To

determine whether Ad.DF3-tk can confer sensitivity to GCV, MCF-7

and ZR-75-1 cells were transduced with Ad.DF3-tk at MOIs of 10 and

50. Ad.CMV-tk was used in order to assess HSV-tk gene expression

under control of the different promoters. Infection with

Ad.DF3-tk had little effect on cell viability. Moreover,

Ad.DF3-tk transduction conferred sensitivity of both MCF-7 and

ZR-75 cells to GCV, while nontransduced cells or cells transduced

with Ad.CMV-Pgal or Ad.DF3-pgal (data not shown) were insensitive

to GCV. The degree of Ad.DF3-tk-mediated GCV sensitivity was

comparable to that obtained with Ad.CMV-tk. In contrast, when

Ad.DF3-tk and Ad.CMV-tk were used to infect DF3-negative Hs578Bst

epithelial cells, only Ad.CMV-tk infected cells were sensitive to

GCV.
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In vivo taraeted gene expression in human breast cancer

xenografts. To ascertain whether Ad.DF3-ogal can confer selective

expression of f-galactosidase in vivo, we injected 2-5 x 108 pfu of

Ad.DF3-Pgal into MCF-7 and ZR-75-1 cells grown as xenografts in

athymic nude mice. Three days after adenovirus infection, the

tumors were excised and assayed for P-galactosidase activity.

Expression of P-galactosidase was distributed extensively along the

needle tract of Ad.DF3-pgal injection (as indicated by the co-

localized charcoal particles) in both MCF-7 and ZR-75-1 tumor

nodules. Blue staining was detectable within the tumor mass, but

not in the surrounding normal tissue. In contrast, when

Ad.DF3-pgal was injected into DF3-negative MDA-MB231 tumors grown

in nude mice, there was no detectable P-galactosidase staining

along the needle tract. Intramuscular injections of Ad.DF3-pgal

also resulted in no detectable staining of P-galactosidase, while

similar injections of Ad.CMV-Pgal into skeletal muscle lead to

strong expression of P-galactosidase.

-g-alactosidase expression after systemic administration of

Ad.DF3-Daal and Ad.CMV-Dqal. To further evaluate adenovirus-

mediated gene transfer to different tissues in vivo, 2 x 109 pfu of

either Ad.CMV-Pgal or Ad.DF3-pgal was injected via tail vein. Mice

were sacrificed 4 days after the injection and sections of the

liver, spleen, and lung were stained for P-galactosidase activity.

Systemic injection of Ad.CMV-Pgal resulted in expression of

P-galactosidase in the liver parenchyma, in the splenic red pulp,

and diffusely in the lung. By contrast, there was no detectable

P-galactosidase staining in these tissues in mice injected with

Ad.DF3-pgal. Several foci of P-galactosidase staining was detected
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in MCF-7 tumors of animals that received systemic Ad.DF3-Pgal.

However, i.p. injection of Ad.DF3-pgal into mice bearing

intraperitoneal MCF-7 tumor was associated with extensive

expression of P-galactosidase in the tumor.

Treatment of intraperitoneal breast tumor. In order to

evaluate the therapeutic efficacy of Ad.DF3-tk in human DF3-

positive breast cancer cells in vivo, nude mice were inoculated

i.p. with MCF-7 cells. These mice developed tumor masses

throughout the peritoneal cavity and 2-4 ml of bloody ascites that

contained tumor cells. MCF-7 tumor bearing mice were treated with

Ad.DF3-pgal + saline, Ad.DF3-Pgal + GCV, Ad.DF3-tk + saline and

Ad.DF3-tk + GCV. Adenoviruses were injected i.p. on day 4 after

tumor inoculation. GCV or saline injections were then

administered on day 7 afer tumor inoculation. Untreated mice and

those treated with Ad.DF3-ogal or Ad.DF3-tk + saline developed

multiple intraperitoneal tumor with bloody ascites. In contrast,

there was no grossly identifiable tumor mass or only a few small

tumor clusters with no apparent ascites in the Ad.DF3-tk/GCV-

treated mice.

2. Selective transgene expression for detection and

elimination of contaminating carcinoma cells in

hematopoietic stem cell sources.

The efficiency of adenovirus-mediated reporter gene

expression was first evaluated in hematopoietic cell preparations

using Ad.CMV-Luc and Ad.CMV-Pgal. Luciferase and P-galactosidase

activities were low but detectable in unfractionated PB and BM

mononuclear cells at MOIs of 10 and 100. By contrast, there was
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little if any detectable reporter gene expression in these cells

when using Ad.DF3-jgal. Similar studies in MCF-7 breast cancer

cells demonstrated a marked increase in efficiency (5-6 orders of

magnitude) of Ad.CMV-Luc and Ad.CMV-Dgal-mediated reporter gene

expression. Moreover, as previously demonstrated (6),

P-galactosidase expression was readily detectable in MCF-7 cells

transduced with Ad.DF3-pgal. These findings indicated that MCF-7

cells are transduced more efficiently than hematopoietic cells by

adenoviral vectors and that the tumor-selective DF3/MUC1 promoter

can confer even greater selectivity of transgene expression. Two-

color FACS-analysis further indicated that monocytes and

macrophages (CD14+ cells) are the major cell types in PB that

express P-galactosidase when infected with Ad.CMV-Pgal and not with

Ad.DF3-ogal, while T (CD3+) and B (CDl9+) cells express little if

any transgene with either vector.

To determine if adenovirus mediates transgene expression in

CD34÷ hematopoietic stem and progenitor cells, we performed two-

color FACs analysis of enriched CD34+ cells infected with Ad.CMV-

Pgal. At a MOI of 100, less than 4% of CD34+ cells expressed the

transgene, while approximately 11% of the CD34+ cells were Pgal

positive at a MOI of 1000. These findings indicated that

transduction of CD34+ cells is inefficient compared to that for

MCF-7 cells. A sensitive chemiluminescent assay showed that there

was little P-galactosidase expression when enriched CD34+ cells

were transduced with Ad.CMV-Pgal (-2,000 RLU/10 4 cells at a MOI =

10) and no P-galactosidase expression with Ad.DF3-ogal. By

contrast to the CD34+ cells, bone marrow stromal cells were

transduced efficiently by Ad.CMV-Pgal (106 RLU/10 4 cells at a MOI =
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10). Moreover, the stromal cells exhibited little P-galactosidase

expression following transduction with Ad.DF3-pgal. To

substantiate the relatively low infectability of CD34+ cells by

adenovirus, we used PCR to determine the relative copy number of

virus per cell after infection. Purified bright CD34+ cells

infected with adenovirus were obtained by fluorescence sorting and

DNA was extracted for PCR analysis of adenoviral E2B sequences.

There was no detectable adenovirus in 103 CD34+ cells infected at a

MOI of 10, while the E2B signal was readily apparent from 103

transduced MCF-7 cells. A low level signal was obtained when

assaying 104 infected CD34+ cells. By comparison with an

adenovirus standard, we estimate that there are approximately 10

copies of virus per MCF-7 cell and less than 0.01 copy per CD34+

cell when cells were infected with adenovirus at a MOI of 10.

Adenovirus infection is a two step process involving the

initial attachment of adenoviral fiber protein to a relatively

ubiquitously expressed, but yet unidentified, receptor and then

internalization through interaction of the adenoviral penton

base with av integrins, particularly =v03 and avP5 heterodimers

(21, 22). FACS analysis indicated that CD34+ cells had no

detectable av subunits, 0vP3 or 0vP5. By contrast, av subunits were

strongly expressed on breast cancer, lung cancer, prostate cancer

and glioblastoma cells. The tumor cells expressed avP5 at high

levels and avP3 to a lesser extent. These results indicated that

the low level of adenoviral-mediated transduction in CD34+, as

compared to carcinoma, cells is attributable at least in part to

the absence of integrins that contribute to adenoviral

internalization.
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The finding that adenovirus preferentially transduces

carcinoma, as compared to hematopoietic, cells suggested that

adenoviral-mediated reporter gene expression could be used to

detect contaminating cancer cells in PB and BM. To address this

issue, MCF-7 cells were premixed with PB cells at ratios of 1:102

to 2:106. Reporter activity of Ad.CMV-Luc- and Ad.CMV-Pgal-

infected cell mixtures reflected the number of contaminating MCF-7

cells. The level of luciferase activity mediated by Ad.CMV-Luc

infection was significantly increased at a ratio of ten MCF-7

cell/5 x 105 PB mononuclear cells. Higher ratios were associated

with increases in reporter gene expression. Similar results were

obtained with Ad.CMV-Pgal. Studies performed with Ad.DF3-ogal

demonstrated a lower background with uncontaminated PB mononuclear

cells and enhanced sensitivity with detection of one MCF-7 cell/5

x 105 PB cells. Similar results were obtained with Ad.DF3-ogal

when ZR-75-1 breast cancer cells were mixed with PB cells. Other

studies were performed on BM cells that had been contaminated

(0.1%) with DF3/MUCl-positive breast, lung, prostate, and ovarian

cancer cells. The contaminated BM cells demonstrated a dramatic

elevation in reporter activity when using AD.DF3/ogal.

Furthermore, contamination of BM with increasing numbers of MCF-7

cells resulted in higher levels of Ad.DF3-Pgal-mediated reporter

gene expression, while there was no increase in P-galactosidase

expression when the BM cells were contaminated with DF3/MUC1

negative T98G glioblastoma cells.

To extend the observation of selective adenoviral-mediated

reporter gene expression, we explored other approaches for

detection of contaminating carcinoma cells. BM mononuclear cells
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with and without contaminating MCF-7 cells were infected with

Ad.DF3-0gal and then visualized for X-gal staining. Using this

approach, the MCF-7 cells could be readily identified by blue

staining. The contaminating cells were also readily apparent by

fluorescence microscopy after staining with the fluorescence

substrate FDG. Cells that expressed 3-galactosidase also reacted

with MAb DF3 (data not shown), a monoclonal antibody that detects

DF3/MUCl (23). These findings indicated that histochemical, as

well as biochemical, approaches can be used for detection of

contaminating tumor cells by adenoviral-mediated reporter gene

expression.

The selectivity of adenoviral-mediated gene transduction for

contaminating tumor cells supported the possibility of using this

approach to purge hematopoietic cell populations. Previous

studies have documented the strategy of expressing the HSV-tk gene

for selective killing by GCV (6). To exploit this strategy for

purging, adenovirus carrying HSV-tk under control of the CMV or

DF3/MUC1 promoters was used to transduce PB cells pre-mixed with

tumor cells. As determined by clonogenic survival, infection at a

MOI of 10 followed by GCV treatment (10 to 1000 pM) resulted in the

elimination of over 6-logs of contaminating MCF-7 cells.

Infection with Ad.DF3-tk at a MOI of 100 and then treatment with

100 pM GCV killed approximately 6-logs of cancer cells. In

addition, this approach effectively eliminated other contaminating

breast, prostate, lung and glioblastoma tumor cells pre-mixed with

BM cells.

A potential adverse effect of ex vivo purging is toxicity to

hematopoietic progenitor cells. We thus assessed the effects of
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adenoviral infection and GCV treatment on CFU-GM and BFU-E.

Infection with Ad.CMV-tk or Ad.DF3-tk at a MOI of 10 followed by

GCV (100 pM) treatment had little effect on CFU-GM and BFU-E as

compared to GCV alone (•10% cytotoxicity). Adenovirus infection

alone at a MOI of 10 had little if any effect on colony formation.

At a MOI of 100, there was a 17-19% decrease in BFU-E and CFU-GM

when Ad.CMV-tk and GCV were used, while there was less of an

effect with Ad.DF3-tk and GCV. Limiting dilution assays were also

performed on enriched CD34+ cells to assess the effects of

adenovirus and GCV treatment on long-term culture initiating cells

(LTC-ICs). The results demonstrate that infection with Ad.CMV-tk

with or without GCV treatment has little if any effect on the

regeneration and differentiation of the primitive progenitor

cells. Additional experiments were performed to determine if

adenovirus is detectable in the progeny cells after adenoviral

purging of progenitor cells. CFU-GMs and BFU-Es were picked from

methylcellulose and cultured with 293 cells. No live adenovirus

was rescued in three separate experiments. RT-PCR analysis of

CFU-GM and BFU-E colonies failed to detect any transgene

expression mediated by recombinant adenovirus. Importantly, the

finding that PCR analysis did not detect the presence of

adenoviral Ela sequences indicated no wild type adenovirus

replication.

3. Induction of antigen-specific antitumor immunity

with adenoviral-transduced dendritic cells.

Flow cytometry was used to define the phenotype of DC

following transduction with recombinant adenovirus. DC derived
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from bone marrow expressed MHC class I and II products,

costimulatory molecules and ICAM-l (15). Transduction with Ad.0gal

resulted in a similar pattern of antigen expression. Moreover,

transduction with Ad.MUCI was associated with DF3/MUCI expression

and little if any effect on cell surface levels of MHC,

costimulatory or adhesion molecules. The Ad.MUCl-transduced DC

exhibited a typical morphology with veiled dendrites. Staining

with MAb M5/114 (anti-MHC class II) and MAb DF3 demonstrated

expression of DF3/MUC1 by the transduced DC. Immunoblot analysis

of the Ad.MUCI transduced DC confirmed DF3/MUCI expression.

Whereas MAb DF3 detects glycosylated MUCl, the finding that MAb

DF3-P reacts with a -55 kD protein in the transduced DC also

provides support for detection of the unglycosylated protein core

(19).

DC are potent stimulators of primary mixed lymphocyte

reactions (MLR) (24, 25). To assess in part the function of

Ad-transduced DC, we compared their effects in primary allogeneic

MLR with that obtained from non-transduced DC. The results

demonstrate that DC transduced with Ad.MUCI or Ad.pgal at an MOI of

100 exhibit the same potent stimulatory function as control DC.

By contrast, DC transduced at MOIs of 200 or 500 exhibited

decreases in viability and in T cell stimulation. These results

indicate that expression of adenoviral, rather than the transgene,

proteins is responsible for the loss of DC function.

To determine whether Ad-transduced DC induce antitumor

immunity, we immunized mice twice with uninfected DC,

Ad.MUCl-transduced DC or Ad.pgal-transduced DC. Splenocytes were

assayed for CTL activity using as targets syngeneic MC-38
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carcinoma cells that stably express DF3/MUC1 (16). T cells from

mice immunized with Ad.MUCl-transduced DC exhibited strong

activity against MC-38/MUCI, but not wild-type MC-38, cells. CTLs

from these mice also induced lysis of Ad.MIJCI-, and not

Ad.pgal-transduced, MC-38 cells. By contrast, T cells from mice

immunized with Ad.pgal-transduced DC exhibited lysis of only the

Ad.pgal-transduced MC-38 cells. These findings indicated that Ad-

transduced DC induce immunity which is directed against the

transgene.

Incubation of CTLs from mice immunized with Ad.MUCI-

transduced DC with anti-CD4 or anti-CD8 antibodies blocked lysis

of the MC-38/MUC1 targets. These results indicated that Ad.MUC1-

transduced DC generate MHC class I and II-restricted T cell

responses. The finding that incubation of MC-38/MUCI targets with

MAb DF3 blocks lysis provided further support for specificity

against DF3/MUCI. Moreover, incubation of YAC-1 cells with the

CTLs showed no specific lysis. Immunization of mice with Ad.MUCI-

transduced DC also inhibited growth of MC-38/MUCI tumors, while

Ad.pgal-transduced or non-transduced DC had no effect on tumor

growth. To assess the potency of the Ad-transduced DC, we

compared induction of immunity with that obtained when using

monocytes. The efficiency of Ad.pgal- and Ad.MUCl-mediated

transduction of DC and monocytes was similar. However,

immunization with Ad.MUCl-transduced monocytes was less effective

than Ad.MUCl-transduced DC in the induction of CTL activity.

Ad.MUCl-transduced monocytes were also less effective than the

transduced DC in inhibiting the growth of MC38/MUCI tumors. These
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findings are in concert with the greater potency of DC as APCs

(26).

Previous studies have demonstrated retroviral transduction of

human CD34+ progenitor cells and then differentiation of the

transduced cells into DC by cytokine stimulation (27, 28). The

differentiated DC expressed the transgene and were functional in

stimulating T cells in vitro (27, 28). Whereas retroviral

transduction requires proliferating cells, adenoviral-transduced

gene expression is not dependent on cell growth. The present

studies demonstrate that murine DC can be efficiently transduced

by adenoviral vectors. Transduction of DC with Ad.MUC1 or Ad.pgal

at an MOI of 100 resulted in over 80% of the cells expressing the

transgene. Similar transduction efficiencies were obtained in

monocytes and fibroblasts. Whereas transduction at an MOI of 100

had no effect on stimulation in the MLR assay, higher MOIs (200

and 500) resulted in lower levels of T cell proliferation. This

finding was associated with cytopathic effects observed at the

higher MOIs.

Studies with retrovirally transduced CD34+ cells that

differentiate to DC have not been performed in an animal model;

therefore, it is not known whether these cells are useful for in

vivo immunization. The present studies demonstrate that

immunization with Ad.MUCI- or Ad.pgal-transduced mouse DC induce

CTL responses that are specific for the transgene. Reactivity

against adenoviral antigens was apparently low based on the

selectivity of the CTL response against DF3/MUCI or Pgal.

Treatment of the CTLs with antibodies against T cell subsets
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indicated that the Ad-transduced DC stimulate a CD4+ and CD8+

immune response.

4. Second generation DF3/MUCI adenoviral vectors.

a) Tet on/off system.

We constructed recombinant adenoviruses expressing the Tet-

on/off system based on the hypothesis that the Tet on/off

regulator and TRE response cassettes should enhance transcription

off the DF3/MUC1 promoter (Fig. 1). After we we transfected with

Tet-on/off regulator plasmid into MCF-7 cell lines by calcium

phosphate method, we analyzed tTA expression by Western blotting

using the Tet R monoclonal antibody. tTA protein was not detected

(Table 1). In addition after infection with recombinant adenovirus

bearing the Tet-on/off regulator gene, we detected tTA protein

weakly in only the positive control sample (Table 2). These

findings indicated that expression of tTA protein is weak or the

Tet-on/off regulator is not functioning properly.
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Figure 1

Ad.DF3-Tet on
DF3 promoter rtTA

Ad.DF3-Tet off
DF3 promoter tTA

Ad.CMV-Tet on
CMV promoter rtTA

Ad.CMV-Tet off

CMV promoter tTA

Ad.TRE-0-gal

Phcmv*-I promoter p gal

Ad.TRE-tk
Phcmv*-I promoter HSV -tk

pCMV-Tet off/ TRE-0-gal

CMV promoter tTA Phcmv*-I promoter p-gal

Table 1

Transfection with pCMV-TET on/off into MCF 7 cell lines

positive pCMV on pCMV off negative

control Tc + Tc - control

actual result

expected
result + + +

*positive control; CHO-AA8 Tet off cell line

negative control; no plasmid
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Table 2

Infection with Ad.CMV-TET on/off into MCF-7 cell lines

positive Ad.CMV on Ad.CMV off negative

control Tc + Tc - control

actual result +

expected
result + + +

*positive control;CHO-AA8 Tet off cell line
negative control; no adenovirus infection

Next, we transfected the pTRE response plasmid containing the

LacZ gene, pTRE-P-gal, into the CHO-AA8 Tet off cell line. This

cell line stably expresses the tTA protein in the Tet-off system.

We stained these cells with X-gal (Table 3).

Table 3

Transfection with pTRE-0-gal into the CHO-AA8 Tet off cell lines

positive control pTRE-0-gal negative control
pCMV-[3-gal Tc -

actual result + +

expected
result + +

After infection with the TRE response recombinant adenovirus,

Ad.TRE-Pgal, into the same cell lines, we again assayed for X-gal

staining. The TRE response cassettes induced the LacZ gene (Table
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4); however, the efficiency was low. To determine whether the

Tet-on/off regulator and TRE response cassettes function properly,

we coinfected MCF-7 cells with recombinant adenoviruses expressing

the Tet on/off regulator and TRE response gene. The results

indicate that the Tet on/off regulator cassette is not functional

(Table 5). A second problem is that the TRE response plasmid works

properly, but the TRE response recombinant adenovirus is not

functional. Whereas it is difficult to infect with two

adenoviruses because of virus interference, we attempted and

succeeded to construct a plasmid with the Tet on/off regulator and

TRE response cassettes, pCMV-Tet off/TRE-P-gal (Fig. 1). The

construction was accurate as determined by digestion with

restriction enzymes and PCR analysis of the Tet off regulator and

TRE response sequences. LacZ gene expression was analyzed under

Tet off regulator cassettes by X-gal staining after the

transfection of this plasmid into 293 cell lines (Table 6).

Although cells were strongly positive when transfected with pCMV-

3-gal as a positive control, only a few cells were positive when we

transfected the pCMV-Tet off/TRE-P-gal in the absence of Tet.

These findings indicate that the efficiency of transduction of

this plasmid is low or that this plasmid is not functional under

the Tet off regulator cassette. Moreover, studies with Dox

indicated that LacZ gene expression is not under control of the

Tet off regulator and/or TRE response cassettes (Table 7).

Finally, the results suggest that LacZ gene expression in our

plasmids is regulated by the CMV promoter in Tet off regulator

(Table 7).
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Table 4

Infection with Ad.TRE-P-gal into CHO-AA8 Tet off cell lines

positive control Ad.TRE-13-gal negative control
pCMV-P-gal Tc - Tc +

actual result 95% 3% 0% NT

expected
result + + -

Table 5

13-gal staining to examine that the Tet on/off regulator and
TRE response cassettes function properly (Coinfection with

Tet on/off regulator and TRE response adenoviruses
at the same time into MCF-7 cells)

positive Ad.CMV on Ad.CMV off negative
control +Ad.TRE-03-gal +Ad.TRE-13-gal control

Ad.CMV-1 -gal Tc + Tc - Tc + Tc -

actual result + NT

expected
result + + +
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Table 6

13-gal staining after transfection with
pCMV-Tet off/TRE-0-gal into 293 cell lines

positive control pCMV-Tet off/TRE-f3-gal negative control
pCMV 3 gal Tc - Tc +

actual result ++ + +

expected
result ++ +~++

Table 7

1-gal staining after transfection with pCMV-Tet off/0-gal into
293 cell line and exposure to various Dox concentrations (ng/ml)

positive Dox.(O) Dox.(10) Dox.(100) Dox.(1000) negative

control control

actual result ++ + + +

expected
result ++ +-++

Collectively, these results demonstrate that we have been

unsucsessful in developing the Tet on/off system as an enhance for

the CMV and DF3/MUC1 promoters.
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b) DF3/MUC1 promoter-replication competent adenoviral

vector

The difficulties encountered in generating a DF3/MUCI

promoter vector that is enhanced by the Tet on/off system prompted

the development of a replication competent adenovirus that is

selective for DF3/MUCl-positive tumor cells. In this strategy,

enhancement of the DF3/MUC1 promoter is not necessary because the

adenovirus is capable of replicating in DF3/MUCl-positive cells.

Replication of the adenovirus alone could be sufficient to induce

cell killing. Moreover, expression of a suicide gene in the

DF3/MUC1 promoter-replication competent adenovirus increases

killing of the DF3/MUCl-positive tumor cells. To design such a

vector, we have placed Ela and Elb control of the DF3/MUC1

promoter. In the opposite direction, the CMV promoter drives a

transgene which, in the inital construction is the green

fluorescence protein (GFP), but in second generation vectors will

be a suicide gene (Fig. 2). The initial vector construct has been

completed and we have produced the adenovirus. In vitro studies

are underway which will determine if these adenoviruses are

selectively competent for replication in DF3/MUCl positive tumor

cells.
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Figure 2. DF3 promoter replication-competent adenovirus
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CONCLUSIONS

1. Breast cancer selective gene expression and

therapy mediated by recombinant adenoviruses containing

the DF3/HUC1 promoter.

These results suggest that recombinant adenoviruses

containing the DF3/MUCI promoter and therapeutic genes could have

applicability in gene therapy of breast cancer. Recombinant

adenoviral vectors containing the DF3/MUCI promoter and other

candidate therapeutic genes including cytochrome P450, and

cytosine deaminase have also been developed. However, El-deleted

adenoviral vectors used in our studies are "first generation"

vectors. To achieve the requisite level of expression of the

transgene and selectivity for breast tumors, additional vectors

will need to be developed that incorporate of the DF3/MUCI

promoter. In this context, enhanced expression of the DF3/MUCI

promoter-driven transgenes may eventually lead to a vector system

that is practical for human gene therapy.

2. Selective transgene expression for detection and

elimination of contaminating carcinoma cells in

hematopoietic stem cell sources.

These studies demonstrate that replication defective

adenoviral vectors containing the DF3/MUCI carcinoma-selective

promoter can be used to selectively transduce contaminating

carcinoma cells in PB and BM. The sensitivity of this approach

will need to be compared directly with that of other techniques

currently being used in clinical setting. However, our findings

suggest that the use of adenoviral vectors for detection and
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purging of contaminating breast cancer cells may be superior to

those currently available. This approach is now being applied in

clinical studies.

3. Induction of antigen-specific antitumor immunity

with adenoviral-transduced dendritic cells.

Induction of anti-DF3/MUCI immunity with the Ad.MUC1-

transduced DC was sufficient to specifically inhibit the growth of

DF3/MUCl-positive tumor cells. These findings support the

usefulness of Ad-transduced DC for in vivo immunization against

tumor-associated antigens. Moreover, the results of these studies

have provided the experimental basis for immunizing with Ad.MUC1

transduced DC in the treatment of human breast cancer.

4. Second generation DF3/MUCI adenoviral vectors.

We have developed adenoviral vectors that utilize the

DF3/MUCI promoter to selectively drive exogenous genes in human

breast cancer cells. The initial studies in an animal model of a

human breast tumor xenograft demonstrated that enhancement of the

DF3/MUC1 promoter activity would be needed to achieve more

substantial responses in the clinical setting. To this end, we

attempted to constuct vectors with the DF3/MUC1 promoter that were

enhanced by the more potent and selectable Tet on/off system. The

complexity of the construction precluded the development of a

functional vector. Consequently, we have instead developed an

adenovirus that is replication competent in DF3/MUC1-positive

cells. The DF3/MUC1 promoter-replication competent virus is

designed to replicate in MUCl-positive cells and thereby

selectively express a suicide gene that will kill those cells.
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The DF3/MUCI promoter-replication competent virus also obviates

the need to enhance activity of the DF3/MUC1 promoter because this

strategy has the advantage of viral replication in the DF3/MUCI-

positive cells. This vector system will be developed for

potential applicability in the gene therapy of human breast

cancer.
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Selective Transgene Expression for Detection and Elimination of Contaminating
Carcinoma Cells in Hematopoietic Stem Cell Sources
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Abstract Introduction

Tumor contamination of bone marrow (BM) and peripheral High dose chemotherapy followed by autologous transplanta-
blood (PB) may affect the outcome of patients receiving tion of bone marrow (BM)1 or peripheral blood (PB) as
high dose chemotherapy with autologous transplantation of sources of hematopoietic .stem cells is being used as a treat-
hematopoietic stem cell products. In this report, we demon- ment option for patients with breast cancer (1-4). While this
strate that replication defective adenoviral vectors containing approach results in a proportion of patients with prolonged
the cytomegalovirus (CMV) or DF3/MUCI carcinoma-selec- disease-free survival, most patients eventually relapse. One
tive promoter can be used to selectively transduce contami- potential explanation for relapse is reinfusion of tumor cells
nating carcinoma cells. Adenoviral-mediated reporter gene that contaminate the hematopoietic cell preparations (5-7).
expression in breast cancer cells was five orders of magni- Immunocytochemistry (5, 8), flow cytometry (8, 9), and PCR
tude higher than that found in BM, PB, and CD34÷ cells, analysis (10,11) have, been used to detect contaminating breast
Our results demonstrate that CD34' cells have low to unde- cancer cells in BM and PB preparations. Although the signifi-
tectable levels of integrins responsible for adenoviral inter- cance of breast cancer cell contamination to. relapse remains
nalization. We show that adenoviral-mediated transduction unclear, tumor-free hematopoietic stem cell products for au-
of a reporter gene can detect one breast cancer cell in 5 X tologous transplantation are nonetheless desirable. In this con-
105 BM or PB cells with a vector containing the DF3/MUC1 text, various approaches using mAbs or cytotoxic drugs have
promoter. We also show that transduction of the HSV-tk been developed for purging of carcinoma cells from BM or PB
gene for selective killing by ganciclovir can be exploited for collections (12-17). These approaches have resulted in the
purging cancer cells from hematopoietic stem cell popula- elimination of two to five logs of clonogenic breast cancer cells
tions. The selective expression of TK followed by ganciclo- and varying degrees of toxicity to hematopoietic progenitor
vir treatment resulted in the elimination of 6-logs of con- and stem cells.
taminating cancer cells. By contrast, there was little effect Gene therapy is a potentially novel approach for the purg-
on CFU-GM and BFU-E formulation or on long term cul- ing of carcinoma cells from hematopoietic stem cell prepara-
ture initiating cells. These results indicate that adenoviral tions. However, efficacy of purging cancer cells will require
vectors with a tumor-selective promoter provide a highly ef- gene delivery systems which possess a high gene transduction
ficient and effective approach for the detection and purging efficiency and target cell specificity. Human adenoviruses are
of carcinoma cells in hematopoietic stem cell preparations. nonenveloped double-stranded DNA viruses which when de-
(J. Clin. Invest. 1996. 98"2539-2548.) Key words: adenovi- leted at the El region are replication defective (18). Adenovi-
rus • bone marrow • breast cancer • thymidine kinase • gene rus-mediated gene transfer is a highly efficient means of deliv-
therapy ering genetic material into a wide spectrum of cells in vitro and

in animals. However, in the setting of bone marrow purging.
one goal is the selective transduction of exogenous genes into
contaminating cancer cells. A potential strategy to achieve

Address correspondence to Donald W. Kufe. Division of Cancer such selectivity would be to use a tumor cell specific/selective
Pharmacology. Dana-Farber Cancer institute. 44 Binney Street. Bos- promoter to direct the expression of a therapeutic gene in the
ton. MA 02115. Phone: 617-632-3141: FAX: 617-632-2934. desired target cell. In this context, recent studies have demon-

Received for publication 29 July 1996 and accepted in revised form strated that the promoter of the DF3/MUC1 gene can be used
13 September 1996. to confer selective expression of heterologous genes in breast

cancer cells (19, 20). DF3/MUCI antigen is a member of a
1. Abbreviations used in this paper: Ad, adenovirus: 0-gal, 0-galactosi- family of high molecular weight glycoproteins which are aber-
dase: BFU-E. erythroid burst-forming unit; BM, bone marrow: CFU- rantly overexpressed in breast and other carcinomas (21-23).
GM. granulocyte-macrophage colony-forming unit: CMV, cytomega- Adenoviral vectors containing the 0-galactosidase or the her-
lovirus: FDG, fluorescein di.--D-galactopyranoside; GCV. ganciclovir pes simplex virus thymidine kinase (HSV-tk) gene under
HSV-tk, herpes simplex virus thymidine kinase; LTC-ICs, long-term
culture-initiating cells: MOI. multiplicity of infection; PB, peripheral control of the DF3 promoter have thus been developed to con-

blood: RLU, relative luminescent units: X-gal, 5-bromo-4-chloro-3- . fer efficient and selective expression of these genes in cancer
indolyl P-D-galactoside, cells (20).

In the present work, we demonstrate that adenoviral vec-

J. Clin. Invest. tors containing the DF3/MUCI promoter can be used for de-
© The American Society for Clinical Investigation, Inc. tection of carcinoma cells in preparations of hematopoietic
0021-9738/96/12/2539/10 $2.00 stem cell sources. The results also demonstrate that selective
Volume 98, Number 11, December 1996,2539-2548 expression of therapeutic genes in contaminating cancer cells
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is an efficient approach for purging of hematopoietic stem and say using Galacto-Light system (Tropix. Inc.. Bedford, MA) that
progenitor cells, detects 2 fg to 20 ng of 0-galactosidase (29). Activity is presented

as RLU in an indicated number of cells. (ii) Histochemical staining;

Methods cells were fixed with 0.5% glutaraldehyde in PBS containing 1 mM
MgCi2 for 10 min. rinsed with PBS, and then incubated with 5-bromo-

Cell lines. The MCF-7, ZR-75-1. BT-20. and SKBR3 breast carci- 4-chloro-3-indolyl P-D-galactoside (X-Gal) (1 mg/ml), 5 mM K3Fe
noma. the A549 lung carcinoma, DU145 prostate carcinoma. SKOV3 (CN) 6. 5 mM K.Fe(CN)6. 1 mM MgCI, in PBS for 4 h. (iii) FACS'-
ovarian carcinoma, and T98G human glioblastoma cell lines were GAL assay (30): briefly. 0.5-1.0 x 101 cells were suspended in 50 al
obtained from American Type Culture Collection (ATCC. Rockville, of serum-free culture medium at 370C. An equal volume of 2 mM flu-
MD). Cells were grown as monolayers in recommended culture me- orescein di.--D-galactopyranoside (FDG: Molecular Probes. Eugene,
dium supplemented with 10% heat-inactivated FBS. 2 mM L-gluta- OR) was added to each aliquot of cells. The cells and FDG were
mine. 100 U/ml penicillin, and 100 ;.g/ml streptomycin. mixed rapidly and incubated for I min at 37*C. Thereafter, cells were

Human hematopoietic cells. Human PB mononuclear cells were washed once with 4 ml ice-cold PBS and maintained in ice-cold PBS
isolated by Ficoll-Paque (Pharmacia LKB Biotechnology Inc., Piscat- until analysis.
away. NJ) density gradient centrifugation (d = 1.077,400 g) from leu- Tumor cell clonogenic assay. At 24 h after adenovirus infection.
kocyte-enriched leukopaks of healthy donors. Cells were suspended ganciclovir (GCV) was added to cells and incubated for 24 h. Serial
in RPMI-1640 medium containing 10% heat-inactivated FBS, 2 mM dilutions of cells were plated on 30-mm culture dishes. Cells were in-
L-glutamine. 100 U/mI penicillin, and 100 p.g/ml streptomycin. Bone cubated for 2 wk, and colonies (> 50 cells) were stained with crystal
marrow was obtained from filters used to prepare harvested marrow violet and counted. Results are expressed as the surviving cell
from normal donors and the mononuclear cells were isolated by Fi- fraction±SEM for the treated groups compared to controls.
coli-Paque density gradient centrifugation. Bone marrow stromal Hematopoietic progenitor cell assays. Erythroid bunt-forming
cells were isolated by adherence (24). units (BFU-E) and granulocyte-monocyte colony-forming units

CD34' cells were isolated using the Ceprate LC cell separation (CFU-GM) were assayed in a methylcellulose culture system (Stem
system (CellPro Inc.. Bothell. WA). In brief. BM cells were incubated Cell Technologies, Vancouver. Canada) containing recombinant hu-
with a biotinylated mouse anti-CD34' mAb. washed and then passed man stem cell factor (50 ng/ml). GM-CSF (10 ng/ml). IL-3 (10 ng/ml),
through an avidin column. Nonadsorbed cells were removed by wash- and erythropoietin (EPO) (3 U/ml). The numbers of colonies were
ing. and adsorbed cells were eluted from the column. The enriched counted after 2 wk. For more primitive progenitor cells, the number
cells (80-90% CD34-) were maintained in Iscove's MEM containing of long-term culture-initiating cells (LTC-ICs) were determined by
12.5% FBS. 12.5% horse serum, and I gM hydrocortisone. culturing serial dilutions of CD34- cells on irradiated bone marrow

Antibody reaction and FACS analysis. mAbs used were specifi- stromal cells in 96-well plates for 5 wk. The number of wells that con-
cally reactive with the cell surface antigens: CD3 (T3, Coulter Immu- tained colonies was then assessed by growth in methylcellulose cul-
nology, Miami, FL). CDI3 (L138. Becton Dickinson, San Jose, CA). ture (Stem Cell Technologies) (24). The frequency of LTC-ICs was
CD19 (B4. Coulter Immunology). CD34 (Becton Dickinson). CD51 calculated by plotting the input cell number against the proportion of
(integrin av, clone 1980: Chemicon Inc.. Temecula. CA). integrin negative wells as described (24,31).
cnvi3 (LM609. kindly provided by Dr. David Cheresh. Scripps Re- PCR analysis. CD34÷ cells, CFU-GM. and BFU-E picked from
search Institute. La Jolla, CA) and integrin av05 (25) (clone B5-IA9, methylcellulose culture were digested at 560C for 1-2 It with protein-
generously provided by Dr. Martin E. Hemler. Dana-Farber Cancer ase K (2 mg/mli) in cell lysis buffer containing 50 mM KCL 10 m:M
Institute. Boston. MA). Cells were incubated with antibody for 30 Tris-HCI (pH 8.3), 1.5 mM MgCI2 , 0.1 mg/ml gelatin (Sigma Chemical
min on ice. If the antibody was not directly conjugated with FITC or Co.). 0.45% NP-40, and 0.45% Tween 20. as described (32). Samples
phycoerythrin (PE), a secondary antibody conjugated with FITC or were then heated at 95°C for 5 min. DNA was amplified using the
PE (Sigma Chemical Co.. St. Louis, MO) was used for indirect fluo- GeneAmp PCR reagent kit (Perkin Elmer/Cetus Corp.. Norwalk.
rescence labeling. Cells were then washed and evaluated by flow cy- CT). The 0-actin gene was used as an internal control and amplified
tometric analysis. using the primers 5'TCACCCACACTGTGCCCAT3 and 5'GCA-

Recombinant adenovintses (Ad). Ad.CMV-0gal, Ad.CMV-tk (20), TTTGCGGTGGACGATG3'. The adenovirus EIA gene was ampli-
and Ad.CMV-Luc (kindly provided by Dr. Robert Gerard. Univer- fled using primers 5'ATrACCGAAGAAATGGCCGC3' and 5'CCC-
sity of Texas. Austin. TX) (26) are replication-deficient recombinant ATITAACACGCCATG3'. The adenovirus E2B gene was ampli-
adenoviruses in which the luciferase. 0-galactosidase, and HSV.tk fled using primers 5'TCGTfrCTCAGCAGCTGTI'G3 and S'CAT-
genes. respectively, are under control of the cytomegalovirus (CMV) CTGAACTCAAAGCGTGG3' as described (33).
immediate-early promoter and enhancer. Ad.DF3-O3gal and Ad.DF3-tk Statistical analysis. Results are presented as means±SEM. Data
are recombinant adenoviruses in which the specified genes are under comparisons were made by ANOVA. Pairwise comparisons were
control of the DF3/MUCI tumor-selective promoter (20.27). Adeno- made using Fisher's PLSD (34) with STATVIEW 4.0 software (Aba-
viral vectors were produced by homologous recombination in the hu- cus Concepts. Inc.. Berkeley. CA).
man embryonic kidney cell line 293 as described (28). Large scale
production of recombinant adenovirus was accomplished by growth
in 293 cells and purification by double cesium gradient ultracentrifu- Results
gation as described (28). Titers of purified adenovirus were deter-
mined by spectrophotometry and by plaque assays. The efficiency of adenovirus-mediated reporter gene expres-

Adenovirus infection. Cells suspended at 0.5 to 2.0 X 106/ml cul- sion was first evaluated in hematopoietic cell preparations us-
ture medium were infected with adenoviruses at a multiplicity of in- ing Ad.CMV-Luc and Ad.CMV-Ogal. Luciferase and 0-galac-
fection (MOI) of i to 1,000 for 2 h. washed, and then resuspended in tosidase activities were low but detectable in unfractionated
fresh media. Cells were evaluated for the expression of the transgene PB and BM mononuclear cells at MOIs of 10 and 100 (Fig.
at 24 to 48 h after infection.

Assay for luciferase activity. Luciferase activity was measured with g A). By contrast, there was little if any detectable reporter
D-luciferin (Analytical Luminescence Laboratory, San Diego, CA) gene expression in these cells when using Ad.DF3-gal (Fig.
using a luminometer. Activity-is presented as relative luminescent I A). Similar studies in MCF-7 breast cancer cells demon-
units (RLU) in an indicated number of cells. strated a marked increase in efficiency (five orders of magni-

Assays for P-galactosidase. (i) Chemiluminescence assay: quanti- tude) of Ad.CMV-Luc and Ad.CMV-Pgal-mediated reporter
tation of enzyme activity was determined by a chemiluminescence as. gene expression (Fig. I B). Moreover. as previously demon-
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*PB (Ad.CMV-Luc) MCFj (Ad.CMV.Luc)

E3 IRS (Ad.CMV-8gaI) E3MCF.7 (Ad.CMV.BgaI)

( 10 9 0 SM (Ad.CMV-0gal) MCF-7 (Ad.0P3-Bg9al) Figure)1. Analysis of adenovi-

*e10 PS (Ad.DF3-91 rus-mediated reporter gene ex-
~o 10 (.- U) Ipression in PB, BM, and breast

U SM (Ad.OF3-Sgal) cancer cells. (A) PB and BM
1()7 mononuclear cells. (B) MCP-7
0 ~~breast cancer cells. Cells wr1. 06 infected with Ad.CMV-LuAc,

Ad.CMV-Pgal, or Ad.DF3-pgal
S105 at the indicated MOUs for 2h at

37*C, washed, and cultured for
i 4 48 h. Cells were then lysedand
103 assayed for luciferase or
10 3 ~A-galactosidase activity. 1Us re-

suilts are presented as relative
102d d___ _ __I_ luminescent units (RLU in the

*f0 4ff indicated number of cells
1 10 100l 1 10 (mean±SEM). Results were ob-

tamned from four to nine esperi-Multiplicity of Infection (MOI) mns

strated (20), 0-galactosidase expression was readily detectable even greater selectivity of transgene expression. Two-color
in MCF-7 cells transduced with Ad.DF-Ogal (Fig. 1 B). FACS-analysis further indicated that monocytes an n2ao-
These findings indicated that MCF-7 cells are transduced more rophages (CD141 cells) are the major cell types in PB that ex-
efficiently than hematopoietic cells by adenoviral vectors and press P3-galactosidase when infected with Ad.CMV.0ga and
that the tumor-selective DF3IMUC1 promoter can confer not with Ad.DF-Agal, while T (CD3') and B (CD19*) cells

B

10.* Ad.CMV-8sga I
A Ad.CMV-139al Ad.CMV-1Dgal . 0* Ad.OPS-8gal

Negative Control No Ad Infection (UOI=100) WMOI=1000) to5
2__ _ 21 2 1 21-

wu F -Ii

Isgall Cells Visualized by FDG CD34 Stroma

C Figure 2. Analysis of adenovirus-mediated gene transfer in CD34+
CD34 MCF7 Ad Partiles and bone marrow stromnal cells. (A) Two-color FACS analysis to de-

- tect 0-galactosidase activity in enriched CD34+ cells infected with
Ad Infection - + + + + 103 10 1C)5 Ad.CMV-Ogal or Ad.DF3-IogaI. At 24 h after infection, CD34* cells

were stained with PE-conjugated anti-CD34 mAb. Cells expressing
Cell Number 1o 10 103 104 10 - - - - -galactosidase were visualized by the fluorescence substrate, FDG.

(B) 0-galactosidase activity in enriched CD34 cells and bone marrow
stromal cells infected with Ad.CMV-Ogal or Ad.D)F3-ogal. Cells were

.4.EB infected at a multiplicity of infection (MOO) of 10 for 2 h at 3MC
washed, and cultured for 48 h. O-galactosidase activity was measured

_____________________________by a luminescence assay. The results are presented as relative lumines-
cent units (RLU) in the indicated ntumber of cells (mean±SEM for

1 2 3 4 5 7 8three samples). (C) Determination of adenoviral DNA in adenovirus-
1 2 3 4 5 7 8infected CD34* and MCF-7 cells. Cells were infected with adenovirus

(MOI = 10) at 37'C for 2 h. Cells were incubated with trypsin/EDTA
solution at 3?C for 5 min and washed three times with medium. DNA extracted fr6m U0r (lanes 2 and 4) and 103 (lanes 3 and 5) fluoresenece-
sorted CD34+ cells or MCF-7 cells infected with adenovirus were used for PCR amplification (25 cycles) of a 0.86 kb sequence in the adenoviral,
E2B gene. Adenoviral DNA equivalent to 103, 101, and 101 pfu was used as a reference control.
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express little if any transgene with either vector (data not Table II. Adenovirus-mediated Reporter Gene Expression in
shown). Breast Cancer Cells PremLred with PB Mononuclear Cells

To determine if adenovirus mediates transgene expression RLU per 105 cells (mean±SEM)
in CD34÷ hematopoietic stem and progenitor cells, we per- MCF-7
formed two-color FACS' analysis of enriched CD34+ cells in- per t101 PB Ad.CMV.Luc Ad.CMVV-1gal Ad.DF3&-gal
fected with Ad.CMV-3gal. At a MOI of 100, < 4% of CD34"
cells expressed the transgene. while - 11% of the CD34÷ cells 0 1.1±0.2x10- 2.1±0.7x103 0.5±0.3x102

were P3gal positive at a MOI of 1,000 (Fig. 2A). These findings (1) (1) (1)
indicated that transduction of CD34÷ cells is inefficient corn- 2 2.4±1.7x 10 3.5±-0.4x 103 2.0±0.8x102
pared with that for MCF-7 cells. A sensitive chemiluminescent (2-3) (1.6) (4.0)*
assay showed that there was little 13-galactosidase expression 10 1.0±0.4x 10 9.9±5.7x103 1.4-O-.4x104
when enriched CD34* cells were transduced with Ad.CMV- (10)* (5)* (28)*
Pgal (-' 2.000 RLU/104 cells at a MOI = 10) and no A-galac- 102 8.7±6.1x104 4.9±3.4x104 4.4±0.8x10)
tosidase expression with Ad.DF3-0gal (Fig. 2 B). By contrast to (83)1 (23)* (90)1
the CD34* cells, bone marrow stromal cells were transduced 104 6.4±1.9x104 1.4-±0.5x104 1.2-±0.9x 10
efficiently by Ad.CMV-Ogal (106 RLUll04 cells at a MOI = 10) (615)t (172)t (2359)1
(Fig. 2 B). Moreover, the stromal cells exhibited little 13-galac- 10' 3.2±1.7X 101 5.O04.Ox 10' 0.6±0.3x106
tosidase expression after transduction with Ad.DF3-Ogal (Fig. (5,947)1 (2.354)t (11.843)t
2 B). To substantiate the relatively low infectability of CD34÷_
cells by adenovirus. we used PCR to determine the relative MCF-7 cells were premixed with PB cells at the indicated ratios. The
copy number of virus per cell after infection. Purified bright cells were incubated with Ad.CMV-Luc. Ad.CMV-OgaL and Ad.DF3-
CD34- cells infected with adenovirus were obtained by fluo- Ipgal at a MOI of 10 for 2 h at 37"C. At 48 h after infection, cells were
rescence sorting and DNA was extracted for PCR analysis of harvested. lysed. and assayed for reporter activities using a luminome-
adenoviral E2B sequences. There was no detectable adenovi- ter. The reporter activities are presented as RLU per 100.000 celli
rus in I05 CD34÷ cells infected at a MOI of 10, while the E2B (mean±SEM) obtained from four experiments. A background value of
signal was readily apparent from 103 transduced MCF-7 cells RLU from the uninfected cells was subtracted. The fold increase of re-
(Fig. 2 C). A low level signal was obtained when assaying 10' porter activity relative to tumor-free PB cells (MCF-7 = 0) h in paren-
infected CD34 cells (Fig. 2 C). By comparison with an adeno- theses (*P : 0.05: P - 0.001).

virus standard, we estimate that there are ,-, 10 copies of virus
per MCF-7 cell and < 0.01 copy per CD34÷ cell when cells
were infected with adenovirus at a MOI of 10. level of adenoviral-mediated transduction in CD344÷, as com-

Adenovirus infection is a two-step process involving the pared to carcinoma, cells is attributable at least in part to the
initial attachment of adenoviral fiber protein to a relatively absence of integrins that contribute to adenoviral internaliza-
ubiquitously expressed. but yet unidentified, receptor and then tion.
internalization through interaction of the adenoviral penton The finding that adenovirus preferentially transduces carci-
base with rev integrins. particularly cavP3 and ctvS het- noma, as compared to hematopoietic, cells suggested that ade-
erodimers (35,36). FACS0 analysis indicated that CD34÷ cells noviral-mediated reporter gene expression could be used to
had no detectable arv subunits, ctvP3, or au135 (Table 1). By detect contaminating cancer cells in PB and BM. To address
contrast. arv subunits were strongly expressed on breast cancer, this issue, MCF-7 cells were premixed with PB cells at ratios
lung cancer, prostate cancer, and glioblastoma cells (Table 1). of 1:102 to 2:106. Reporter activity of Ad.CMV-Luc- and
The tumor cells expressed av15 at high levels and av033 to a Ad.CMV-P3gal-infected cell mixtures reflected the number of
lesser extent (Table 1). These results indicated that the low contaminating MCF-7 cells (Table 11). The level of luciferase

activity mediated by Ad.CMV-Luc infection was significantly
increased at a ratio of 10 MCF-7 cell/5 X 105 PB mononuclear

Tablel. FACS Analysis of Integrin a, Subunit and aCP3, aO',5 cells. Higher ratios were associated with increases in reporter
Heterodimers in CD34÷ Cells and Carcinoma Cells gene expression (Table II). Similar results were obtained with

cell TMyQ•pe Q ,3 , Ad.CMV-R3gal (Table II). Studies performed with Ad.DF3-
O1gal demonstrated a lower background with uncontaminated

CD34" Hematopoictic progenitor cells - - - PB mononuclear cells and enhanced sensitivity with detection
MCF-7 Breast cancer +.++ - +.+ of one MCF-7 ceil/5 x 105 PB cells (Table 11). Similar results
BT-20 Breast cancer +++. - +++. were obtained with Ad.DF3-I0gal when ZR-75-1 breast cancer
ZR-75 Breast cancer + + + + - + + + cells were mixed with PB cells (data not shown). Other studies
SKBR3 Breast cancer +.+-++ - +++ were performed on BM cells that had been contaminated
A549 Lung cancer ++++ + +++ (0.1%) with DF3/MUCI-positive breast, lung, prostate, and
DU145 Prostate cancer +++ ++ ++ + ovarian cancer cells. The contaminated BM cells demonstrated
T98G Brain glioblastoma ++++ ++ + ++ a marked elevation in reporter activity when using Ad.DF3-

l3gal (Fig. 3 A). Furthermore, contamination of BM with in-

Cells were stained with mAbs for aev subunit. cv03. and ae, 5 het- creasing numbers of MCF-7 cells resulted in higher levels of
erodimers as described in Methods. Quantitation was determined as de- Ad.DF3-l0gal-mediated reporter gene expression, while there
scribed (25) on the basis of fluorescence intensity. + + + +, values above was no increase in 1-galactosidase expression when the BM
60: +++, between 30 and 60. ++, between 10 and 30&. +. values be. cells were contaminated with DF3/MUCI negative T98G glio-
tween 5 and 10; -. values under 5. blastoma cells (Fig. 3 B).
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A copy after staining with the fluorescence substrate FDG (Fig.
4, C and D). Cells that expressed 03-galactosidase also reacted
with mAb DF3 (data not shown), a monoclonal antibody that
detects DF3/MUC1 (21). These findings indicated that his-

10 6 tochemical, as well as biochemical, approaches can be used for
detection of contaminating tumor cells by adenoviral-medi-
ated reporter gene expression.

i 0 The selectivity of adenoviral-mediated gene transduction
S105i for contaminating tumor cells supported the possibility of us-

ing this approach to purge hematopoietic cell populations. Pre-
vious studies have documented the strategy of expressing the

S 0 HSV-tk gene for selective killing by GCV (20). To exploit this
0. 10 4 strategy for purging, adenovirus carrying HSV-tk under con-

trol of the CMV or bF3/MUC1 promoters was used to trans-
duce PB cells premixed with tumor cells. As determined by

10 3 clonogenic survival, infection at an MOT of 10 followed by
GCV treatment (10 to 1,000 jiM) resulted in the elimination of

"-M MCF7 . . O2 MO DU4dS V over 6 logs of contaminating MCF-7 cells. Infection with
Ad.DF3-tk at aMOI of 100 and then treatment with 100 p.M

Cell Line GCV killed ,- 6 logs of cancer cells (Fig. 5A). In addition, this
approach effectively eliminated other contaminating breast,

B prostate, lung, and glioblastoma tumor cells premixed with
BM cells (Fig. 5 B).

A potential adverse effect of ex vivo purging is toxicity to
10 5' --.-- MCF-7 (Ad.CMV-IOga) hematopoietic progenitor cells. We thus assessed the effects of

adenoviral infection and GCV treatment on CFU-GM and
- - MCF-7 (Ad.-ga) BFU-E. Infection with Ad.CMV-tk or Ad.DF3-tk at a MOT of

S1 -o- G (Ad.CMV-6gal) 10 followed by GCV (100 jIM) treatment had little effect on
.10 4  .- CFU-GM and BFU-E as compared with GCV alone (S 10%

(d-3gI)cytotoxicity). Adenovirus infection alone at a MO! of 10 had
little if any effect on colony formation (Table III). At a MOI of

IL 100, there was a 17-19% decrease in BFU-E and CRU-GM
10 3 when Ad.CMV-tk and GCV were used, while there was less of

San effect with Ad.DF3-tk and GCV (Table III). Limiting dilu-
cc- ] tion assays were also performed on enriched CD34÷ cells to as-

sess the effects of adenovirus and GCV treatment on LTC-ICs.

10 2. The results demonstrate that infection with Ad.CMV-tk with
0 0.0002 0.0001 0.001 0.01 0.1 or without GCV treatment has little if any effect on the regen-

eration and differentiation of the primitive progenitor cellsTumor Cells In BM (%)

Figure 3. Adenovirus-mediated reporter gene expression in BM con- Table III. Progenitor Cell Growth of CD34* Cells Treated with
taminated with cancer cells. (A) BM mononuclear cells were mixed Adenovirus and GCV
with 0.1% MCF-7, ZR-75, BT-20 (breast cancer), A549 (lung cancer),
DU145 (prostate cancer), and SKOV3 (ovarian cancer) cells. The Treatment BFU-E CFU-GM
cells were incubated with Ad.DF3-pgal at a MOI of 10 for 2 h at 37*C.
After 24 h, cells were lysed and assayed for reporter gene expression Untreated 100 100
by chemiluminescence assay. (B) BM mononuclear cells premixed +GCV 91±-2.8* 90-.2.5*
with various ratios of MCF-7 or T98G cells were incubated with ei- +Ad.DF3-tk (MOI=10) 102±4.1 100t3.2
ther Ad.CMV-3gal or Ad.DF3-Agal at a MOI of 1 for 2 h at 37*C, +Ad.DF3-tk (MOI= 10) + GCV 91:t3.9 91±2.8*
washed, and cultured for 24 h. 0-galactosidase expression was mea- +Ad.DF3-tk (MOI= 100) + GCV 90-*3.3* 90"±3.0*
sured by chemiluminescence assay. Similar results were obtained in +Ad.CMV-tk (MOI= 10) 100±3.2 100±3.1
three separate experiments. +Ad.CMV-tk (MOI=10) +C9±3.0 89±3.0

+Ad.CMV-tk (MOI=10) + GCV 90__3.0* 89"=3.0*

+Ad.CMV-tk (MOI=100) + GCV 83±3.9* 81±t4.0*1

To extend the observation of selective adenoviral-medi-
ated reporter gene expression, we explored other approaches Enriched CD34" cells were treated with the indicated adenovirus for

24 h at 370 C, washed, and cultured for 24 h. GCV (100 jLM) was then
for detection of contaminating carcinoma cells. BM mononu- added for 24 h. The cells were washed and then cultured in methylcellu-

clear ells with and without contaminating MCF-7 cells were for 2 wk. The number of colonies in the treated groups is expressed

infected with Ad.DF3-Ogal and then visualized for X-gal stain- as the percentage (mean±SEM from four experiments) of that for un-

ing. Using this approach, the MCF-7 cells could be readily treated controls (21.8t7.3 BFU-E and 26±t5.9 CFU-GM per 1,000
identified by blue staining (Fig. 4, A and B). The contaminat- CD34÷ cells). *P 5 0.05, $P s 0.001 vs untreated control; 'P s 0.05 vs

ing cells were also readily apparent by fluorescence micros- GCV alone.
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Fi ore 4 Detection of contaminating breast cancer cells in BIM by Ad.DF3-ogaI. Cells were incubated with Ad.DF3-ogal (MOI =10) for? hat
37TC. washed, cultured for 24 h. fixed and then stained with X-gal. (A) BM mononuclear cells without MCF-7 cells. (B) BMv mononuclear cells
containinu 0.1 .MCF-7 cells. Magnification is 4M0. Cells were also incubated with FDG and observed under a fluorescent microscope. (C)
Bright field. (D) Dark field. Magnification is I WR) Arrows indicate breast cancer cells.

(Fig. 6). Additional experiments were performed to determine finding that PCR analysis did not detect the presence of ade-
if adenovirus is detectable in the progeny cells after adenoviral noviral E la sequences indicated no wild-type adenovirus repli-
purging, of progenitor. cells. CFU-GN'vs and BFU-Es were cation.
picked from methycellulose and cultured with 293 cells. No
live adenovirus was rescued in three separate experiments. Re- Discussion
verse transcription PCR analysis of CFU-GM and BFU-E col-
onies failed to detect any transgene expression mediated by re - A major issue for autologous BM or PB transplantation in
combinant adenovirus (data not shown). fmportantly, the breast cancer patients is the potential risk of collecting and re-
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-0-- No Ad Infection

10E3 Ad.DF3-tk(MOI=10)

101 ...... - Ad.CMV-tk(MO=10) "Figure5. Effects of Ad.CMV-tk
10-2 and Ad.DF3-tk infection fol-

16t lowed by GCV treatment on

L. 10-3. the survival of cancer cells pre-
S1mixed in PB or BM mononu-

1O4 clear cells. Cancer cells were
premixed with 10-fold excess of

0" -i5 irradiated PB or BM cells. The
S6 cells were then incubated withi ir 6  recombinant adenoviruses at

10"-. 37C for 2 h. At 24 h after infec-
110 100 100 tion, cells were treated with1 GCV at the indicated concen.

GCV (gM) trations for 24 h, and were then
replated on 30-mm plates in du-
plicate at serial dilutions rang-B ing from 500 to 10* cells per
well. 2 wk later, the number of
colonies (> 50 cells) was as-

Ad.CMV-tk sessed by crystal violet staining.
100 (A) Clonogenic assay for

C Ad.CMV-tkGCV (10pM) MCF-7 breast cancer cells pre-
10 " 1] Ad.CMV4k+GCV(100M) mixed in PB and infected with0. Q CwC 0 1Ad.CMV-tk or Ad.DF3-tk at

the indicated MOls followed
1-2 by GCV treatment. The results

. 1 0" 2are expressed as survival frac-
"cc tion. i.e., colony numbers in

S 103. plates treated with adenovirus
and/or GCV as a fraction of

1 0"-4  that for untreated controls
(mean=SEM for two to four
"experiments). (B) Clonogenic

10"5 - - ,assay for carcinoma cells pre-
BT20 A549 DU145 T98G mixed in BM treated with

Ad.CMV-tk at a MOI of 10
Cell line and GCV.

infusing tumor cells. In this context, a study using histochemi- markedly inefficient in the transduction of BM and PB, as
cal detection has demonstrated BM involvement in 50% of pa- compared with carcinoma, cells. Importantly, transduction of
tients with localized breast cancers and both BM (70%) and purified CD34÷ hematopoietic stem and progenitor cells is
PB (22.5%) involvement in patients with stage IV disease (5). also inefficient compared with that of cancer cells. Another
Gene transfer may provide one strategy for improving the de- study has recently reported similar results in BM and CD34÷
tection and purging of tumor cells in BM or PB preparations. cell preparations (41). Our results further indicate that the
However, the presently available gene delivery systems gener- CD34÷ cell populations express low to undetectable levels of
ally lack target cell specificity. Ligand-DNA complexes, DNA- the cv03 and ovP5 integrins. Internalization of adenovirus re-
liposome complexes, and direct transfer of DNA are limited quires interaction of the adenoviral penton base with r,1 inte-
by a low efficiency of gene transduction (37-40). Moreover, grins (35, 36). Consequently, the absence of detectableav inte-
the use of retroviral vectors for detection or purging of cancer grin subunits on CD34÷ cells and their high level expression on
cells in hematopoietic stem cell preparations could be limited diverse cancer cells provides a mechanistic explanation for the
by dependence on replication of the target cell. By contrast, selectivity of transduction.
replication-defective adenoviral vectors represent a highly effi- The finding that adenoviral-mediated gene transduction is
cient approach for in vitro gene transfer. One potential limita- inefficient in BM and PB cell preparations compared to carci-
tion of this vector system could be transduction of reporter or noma cells supported the potential for using this approach to
therapeutic genes into hematopoietic as well as tumor cells. detect contaminating tumor cells. Transduction of the lu-
However, the present studies demonstrate that adenovirus is ciferase or 0-galactosidase genes demonstrated a correlation
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I between reporter expression and the number of contaminating
0.8 A cells. Expression of the reporter resulted in the detection of

0.7 one cancer cell in 5 X 105 BM or PB cells. By contrast, an im-
0.6 munohistochemical method using antibodies against cytokera-
0..5 LTC-IC =V1069 tin detects one tumor cell in 4 X 1W~ BM cells (5). Moreover.

0.4 we found that Ad.DF3-o3gal transduction can be adapted for
histochemical detection and thereby morphological examina-

0.3 tion by staining with X-gal or FDG. Furthermore, the use of
the tumor-selective promoter resulted in lower backgrounds

0.2 with uncontaminated hematopoietic cell preparations. We pre-
viously demonstrated that use of the DF3 promoter in adeno-
viral vectors provides an efficient and selective approach to
target expression of heterologous genes in breast cancer cells

0.1 (20). There are presently several other tumor-specific or selec-
-0 500 100D 1500 20D 2500 3000 tive promoter sequences that have been used to confer selec-

4)tive expression of heterologous genes in tumor cells (42-45).
1 =The present results suggest that use of a tumor-selective pro-

0.89B moter in the context of an adenoviral vector can provide a
S0.7 highly sensitive approach for the detection of cancer cells in

o0.6 L Chematopoietic cell preparations. Studies will now be needed
S 0.5-= that directly compare the sensitivity of the present approach

0.4 with other techniques used for detection of contaminating car-S~cinoma cells.
0.3 The differential sensitivity of hematopoietic as compared

to carcinoma cell transduction by adenoviral vectors further
0.2 F supported the use of this approach to purge contaminating

o tumor cells. Previous studies have demonstrated that purging• ,'• •BM preparations with 4-hydroperoxycyclophosphamide (4-HC)
can lead to 2-3 logs of tumor cell depletion (12.17). The use of

0.1 immunomagnetic separation in combination with 4-HC elimi-
0 500 1000 1500 2000 2500 3000 nated up to 5 logs of tumor cells (12). However, this approach

1 - -significantly reduced the recovery of CFU-GM (12). mAbs
0• .9 linked with toxin proteins have also been used for in vitro
0,8 C purging of bone marrow. mAb DF3 linked to ricin resulted in0.7 the elimination of 2-3 logs of breast tumor cells (13). However,0.6 LTC-IC 1•1280 this approach also resulted in the reduction of CFU-GM for-

mation. The present studies demonstrate that adenoviral
0.4 mediated gene transduction using Ad.DF3-tk and GCV treat-

0.3 ment results in the elimination of 6 logs of contaminating
breast cancer cells. Importantly, there was little effect of
Ad.DF3-tk transduction and GCV treatment on recovery of2 CFU-GM and BFU-E. Moreover, the adenovirus-mediated

transduction of thymidine kinase to confer GCV sensitivity
had little effect on LTC-ICs of enriched CD34÷ cells. Since
completion of the present studies, another report has demon-

0.1 strated that adenoviral vectors expressing wild type p53 can be
0 500 1000 1500 2000 2500 3000 used to purge breast cancer cells mixed with normal bone mar-

row (41). Other studies have demonstrated that adenovirusesCell Number can be used to selectively transduce cancer cells with genes
that induce apoptosis (46) and to increase transduction of plas-Figure 6. Limiting dilution analysis of LTC-ICs for primitive progen- mid vectors coding for toxin genes (41). Thus. combining sev-

itor cells. Enriched CD34' cells were treated as described in Table eram adenoviras-mediated strategies could be useful in'increas-
Ill. and seeded onto irradiated marrow feeders in 96-well plates at

concentrations of 55 to 4.000 cells/well and 20 wells per concentra- ing the efficacy of purging contaminating cancer cells in
tion. The number of clonogenic wells was assessed after 5 wk of sus- hematopoietic cell preparations.
pension culture and 2 wk of growth in methylcellulose. The frequency Finally, the present results suggest that adenoviral-medi-
of LTC-ICs was calculated by plotting the input cell number against ated gene transduction could be useful for the detection and
the proportion of negative wells. The best linear fit and standard er- elimination of diverse carcinomas contaminating bone marrow
rors were determined from the data. (A) Untreated control. (B) and-peripheral blood collections. In addition to studies with
Ad.CMV-tk infection (MOI = 10). (C) Ad.CMV-tk (MOI = 10) and breast cancer cells, adenoviral-mediated transduction was
GCV (100 p.M) treatment. Similar results were obtained in two inde- highly efficient for cells derived from lung. prostate. and ova-
pendent experiments. rian carcinomas. As the DF3/MUCI antigen is overexpressed

in breast, lung, prostate, and ovarian cancers (21-23). adenovi-
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When Bad Gene Transfer Is Good Editorial

A concept fundamental to human gene therapy is efficient and infectability of different tumor isolates, suggesting there may
specific somatic gene transfer. A generous assessment of the be heterogeneity in clinical responses.
field would conclude that most vectors fall short of the mark, The study by Chen et al. is important to the field of gene
although a few illustrative exceptions indicate some progress therapy for several reasons. Despite the caveats noted above,
has been made. Recombinant adenoviruses have provided the this application of gene transfer technology has real therapeu-
most encouraging results as of late (1). Vectors based on hu- tic potential. The problem of relapse following autologous
man adenoviruses are extraordinarily efficient gene transfer bone marrow transplantation in cancer is a substantial clinical
vehicles in a wide variety of cells both in vitro and in vivo. A problem with no obvious solutions, thereby justifying novel
glaring exception is hematopoietic derived cells which seem approaches. All manipulations occur ex vivo so that immuno-
virtually impenetrable to these vectors (2). Chen et al. describe logic responses to the vector and vector gene products, a prob-
in this issue of The Journal a potential application of adenovi- lem that has plagued in vivo approaches (5), are irrelevant.
ruses to purge bone marrow of tumor cells that is based on the The actual weakness of the vector (i.e., poor gene transfer in
relative resistance of bone marrow progenitors to adenoviral hematopoietic cells) is exploited to improve specificity. Fi-
vectors (3). nally, there is a growing experience in humans confirming the

Autologous bone marrow transplantation is having an ex- safety of adenoviral vectors (6).
panding role in the treatment of malignancies such as breast This use of adenoviral vectors in this application is a poi-
cancer. Patients are treated with high dose chemotherapy and gnant example how far the field of gene therapy has come
the resulting pancytopenias are corrected by transplanting au- since the 1980s when it was solely considered in the context of
tologous bone marrow cells harvested before the therapy. Pa- gene replacement for the treatment of autosomal recessive dis-
tients receiving autologous bone marrow tolerate doses of che- eases. A full spectrum of more common acquired diseases has
motherapy that otherwise would be lethal. Remission has been been considered for gene therapy. Substantial effort has been
achieved in some patients although virtually all eventually re- directed to the use of gene transfer in the treatment of malig-
lapse. A potential source of relapse is outgrowth of tumor cells nancy with some of the most promising strategies attempting
that contaminate the transplanted bone marrow cells. This to enhance anticancer immunity through vaccines or adoptive
problem has led to strategies to selectively purge the bone transfer. Similarly creative programs have been developed for
marrow of tumor cells before transplantation, most approaches the genetic treatment of cardiovascular diseases, AIDS, and
suffer from insufficient specificity resulting in incomplete purg- auto-immune diseases.
ing of cancer cells and clinical relapses. or toxicity to the bone Gene transfer vectors have emerged as powerful tools to
marrow and incomplete hematopoietic reconstitution. study and potentially treat diseases. The concept is fundamen-

The study by Chen et al. describes a novel approach for tal and the technology is evolving in step with the spectacular
purging breast cancer cells from bone marrow that is based on evolution of biomedical research. The challenge is to identify
somatic gene transfer (3). They exploited the apparent failure those clinical situations in which value is gained by incorporat-
of adenoviruses to infect hematopoietic cells to selectively tar- ing the transfer of genetic material. The study by Chen et al. is
get the more infectable breast cancer cells with a "suicide an elegantly simple application. Only time will tell if it will im-
gene." Human bone marrow contaminated with variable quan- pact on the outcome of autologous bone marrow transplanta-
tities of breast cancer cells was exposed to an adenoviral vector tion for cancer.
expressing the thymidine kinase (TK) gene from Herpes Sim-
plex Virus. Selective ablation of vector transduced cells was James M. Wilson
achieved in the presence of ganciclovir which, in cells express- Institute for Human Gene Therapy

ing TK, is converted to a toxic phosphorylated metabolite (4). Department of Molecular and Cellular Engineering

The specificity by which this was achieved was impressive, in- University of Pennsylvania

fecting ,-' I cancer cell in 5 X 1OW bone marrow cells. This was and

accomplished without compromising the viability of bone mar- Ile Wistar Institute

row progenitors.
The application of adenoviral vectors for bone marrow
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noviral capsid proteins, per se. have demonstrated toxicity to a
variety of cells independent of transduction. It will be neces- 1. Kozarsky. K.F., and J.M. Wilson. 1993. Gene therapy- adenovirus vec-

tors. Curr. Opin. Genet. Dev. 3:499-503.
sary to assure that the ability of stem cells to fully reconstitute 2. Huang, S., R.I. Endo. and G.R. Nemerow. 1995. Upregulation of inte-

in all lineages is not affected by the ex vivo infection protocol. grins a,03 and a,035 on human monocytes and T lymphocytes facilitates ade-

Furthermore, it remains to be seen if the purging efficiency is novirus-mediated gene delivery. J. Virol. 69:2257-2263.
3. Chen. L., M. Pulsipher. D. Chen. C. Sieff. A. Elias. H.A. Fine, and D.W.sufficient to eliminate the contaminating tumor cells. In vitro Kale. 1996. Selective transgene expression for detection and elimiation of con-

studies have demonstrated significant variation in the relative taminating carcinoma cells in hematopoietic stem cell sources. J. Cli. Invest.
98:2539-2548.

4. Moolten. F.L. 1994. Drug sensitivity ("suicide") genes for selective can-
C Icer chemotherapy. Cancer Gene Ther. 1:279-287.S J. Clin. Invest.

5. Wilson. LM. 1995. Gene therapy for cystic fibrosis: challenges and future
The American Society for Clinical Investigation. Inc. directions. J. Clin. Invest. 96:2547-2554.

0021-9738/96/1212435/01 $2.00 6. Wilson. J.M. 1996. Gene therapy: adenoviruses as gene delivery vehicles.
Volume 98. Number 11. December 1996. 2435 N. Engl. J. Med. 334:1185-1187.

When Bad Gene Transfer Is Good 2435



Gene Therapy (1997) 4, 1023-1028

,.; 1997 Stockton Press All rights reserved 0969-7128/97 S12,00

Induction of antigen-specific antitumor Immunity with
adenovirus-transduced dendritic cells

J Gong, L Chen, D Chen, M Kashiwaba, Y Manome, T Tanaka and D Kufe
Division of Cancer Pharmacolop, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA 02115, USA

Transduction of dendritic cells (DC) can result in presen- mixed lymphocyte reactions. Mice immunized with Ad-
tation of tumor-associated antigens and induction of transduced DC develop cytotoxic T lymphocytes that are
immunity against undefined epitopes. The present studies specific for the P-galactosidase or DF31MUC1 antigens.
demonstrate adenovinus (Ad)-mediated transduction of the The results also demonstrate that Ad.MUC1.-tran dd
/-galactosidase gene in mouse DC. Similar transductions DC induce a specific response which inhibits the growth
have been obtained with the gene encoding the of DF31MUC1- positve tumors. These findings supportthe
DF3IMUCI tumor-associated antigen. We show that the usefulness of Ad-transduced DC for in vivo Immunization
Ad-transduced DC are functional in primary allogeneic against tumor-associated antigens.

Keywords: dendritic cells; adenovirus; transduction; antitumor immunity, DF3/MUCI

Introduction genes in mouse DC. We also show that the transduced
DC are functional in inducing antitumor immunity.

Dendritic cells (DC) are potent antigen-presenting cells
(APCs) that have the capacity to activate naive cytotoxic
T cells.' Murine DC pulsed with peptides prime antigen- Results and discussion
specific CD8' cytotoxic T lymphocytes (CTLs) in vivo.2  Flow cytometry was used to define the phenotype of DC
Peptides derived from tumor-associated antigens have following transduction with recombinant adenovirus. DC
similarly been used to pulse DC and induce antitumor derived from bone marrow expressed MHC clAss I and II
immunitvyr5 Other studies have employed soluble products, costimulatory molecules and ICAM-118 (Figure
tumor-associated antigens for loading DC and generating 1a). Transduction with Ad.3gal resulted in a similar pat-
antitumor activity.6 Whereas peptides pulsed on to DC tern of antigen expression (Figure Ia). Moreover, trans-
may dissociate from MHC molecules, CD34' cells have duction with Ad.MUC1 was associated with DF3/MUC1
been retrovirally transduced to stably express antigens expression and little if any effect on cell surface levels of
after differentiation to DC.78 In contrast to pulsing, trans- MHC, costimulatory or adhesion molecules (Figure Ia).
duction of DC can result in longer term antigen presen- The Ad.MUCI-transduced DC exhibited a typical mor-
tation and induction of immunity against undefined phology with veiled dendrites (Figure lb). Staining with
MHC epitopes. Thus, transduced DC may be effective in MAb M5/114 (anti-MHC class II) and MAb DF3 demon-
immunizing against known tumor-associated antigens. strated expression of DF3/MUC1 by the transduced DC

The human DF3/MUC1 glycoprotein is aberrantly (Figure 1b). Immunoblot analysis of the Ad.MUC1 trans-
overexpressed in breast and other carcinomas." The DF3 duced DC confirmed DF3/MUC1 expression (Figure 1).
protein is one member of the MUC1 family of carcinoma- Whereas MAb DF3 detects glycosylated MUC1, the find-
associated antigens that contain variable numbers of ing that MAb DF3-P reacts with an approximately 55 kDa
highly conserved (G+C)-rich 60 base pair tandem protein in the transduced DC also provides support for
repeats."" A C-terminal region includes a transmem- detection of the unglycosylated protein core"9 (Figure lc).
brane domain that anchors the antigen at the cell sur- DC are potent stimulators of primary mixed lympho-
face.' 2 'A3 Cell-cell interactions are reduced in cells trans- cvte reactions (MLR). 2°.'• To assess in part the function of
fected with the MUC1 cDNA.) Other work has Ad-transduced DC, we compared their effects in primary
demonstrated that DF3 inhibits the recognition of targets allogeneic MLR with those obtained from non-trans-
bv immune effector cells.'>" These findings have sug- duced DC. The results demonstrate that DC transduced
gested that the DF3/MUCI tumor-associated antigen with Ad.MUC1 or Ad.Pgal at MOI of 100 exhibit the
mrav function in inhibiting antitumor immunity. same potent stimulatory function as control DC (Figure

The present studies demonstrate adenovirus-mediated 2a). Bv contrast, DC transduced at MONs of 200 or 500
transduction of the P-galactosidase and DF3/MUC1 exhibited decreases in viability (data not shown) and in

T cell stimulation (Figure 2b). These results indicate that
expression of adenoviral, rather than the transgene, pro-
teins is responsible for the loss of DC function.

Correspondence: D Kitfe To determine whether Ad-transduced DC induce anti-
Received 25 March 1997; accepted 27 May 1997 tumor immunity, we immunized mice twice with un-
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Figure 1 Adenovirus-mediated transduction of DC. (a) DC were trans-
duced with Ad.[3gal or Ad.MUCI at a MOI of 100. Non-transduced and
transduced DC were analyzed by flow cytometry for the indicated antigens
(solid areas). The open areas represent staining with control antibodies.

kD (b) Cytocentrifuge preparations of control (uninfected) and Ad.MUC1-
transduced DC were reacted with MAb M5/114 (anti-la; blue color) and
MAb DF3 (anti-MUCI; red color). (c) Lysates from control and

2Ma Ad.MUCI-transduced DC were analyzed by immunoblotting with MAbs
DF3 and DF3-P.
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infected DC, Ad.MUCl-transduced DC or Ad.pgal-trans- support for specificity against DF3/MUC1 (Figure 4a).
duced DC. Splenocytes were assayed for CTL activity Moreover, incubation of YAC-1 cells with the CTLs
using as targets syngeneic MC-38 carcinoma cells that showed no specific lysis (data not shown). Immunization
stably express DF3/MUC1.22 T cells from mice immun- of mice with Ad.MUCl-transduced DC also inhibited
ized with Ad.MUCl-transduced DC exhibited strong growth of MC-38/MUC1 tumors, while Ad.3gal-trans-
activity against MC-38/MUC1, but not wild-type MC-38, duced or non-transduced DC had no effect on tumor
cells (Figure 3a). CTLs from these mice also induced lysis growth (Figure 4b). To assess the potency of the Ad-
of Ad.MUC1-, and not Ad.pgal-transduced, MC-38 cells transduced DC, we compared induction of immunity
(Figure 3a). Bv contrast, T cells from mice immunized with that obtained when using monocytes. The efficiency
with Ad.pgal-transduced DC exhibited lysis of onlv the of Ad.pgal- and Ad.MUCl-mediated transduction of DC
Ad.pgal-transduced MC-38 cells (Figure 3b). These'find- and monocytes was similar (data not shown). However,
ings indicated that Ad-transduced DC induce immunity immunization with Ad.MUCl-transduced monocytes
which is directed against the transgene. was less effective than Ad.MUCl-transduced DC in the

Incubation of CTLs from mice immunized with induction of CTL activity (Figure 4c). Ad.MUCl-trans-
Ad.MUCl-transduced DC with anti-CD4 or anti-CD8 duced monocytes were also less effective than the trans-
antibodies blocked lvsis of the MC-38/MUC1 targets duced DC in inhibiting the growth of MC38/MUC1
(Figure 4a). These results indicated that Ad.MUCl-trans- tumors (Figure 4d). These findings are in concert with the
duced DC generate MHC class I and II-restricted T cell greater potency of DC as APCs.1
responses. The finding that incubation of MC-38/MUC1 Previous studies have demonstrated retroviral trans-
targets with MAb DF3 blocks lvsis provided further duction of human CD34- progenitor cells and then
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Figure 2 Induction of T cell proliferation responses with adenovirus-transduced DC. (a) Non-transduced DC (solid bars) and DC transduced (MOI =
100) with Ad.Pgal (diagonal bars) or Ad.MUC1 (horizontal bars) were irradiated and then incubated at the indicated ratios with 2 x 105 allogeneic
Balbic T cells. The cells were cocultured in the MLR for 5 days. 3H-thymidine uptake was assessed for 6 h at the end of coculturing. The resufts are
expressed as the mean ± s.e. of three experiments each performed in triplicate. (b) Non-transduced DC (0) and DC transduced with AddMUCI at
MOls of 100, 200 and 500 (0) were incubated with I x 105 Balb/c T cells. The results are expressed as the mean ± s.e. of three experiments each
performed in triplicate.
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Figure 3 CTL activ'iti, of mice immunized with adenovirus-transduced DC. C57Bl/6 mice were immunized with 5 x 10s Ad.MUC1- (a) or Ad.[3gal-
transduced (bJ DC on days I and 10. Splenocytes isolated on day 20 were incubated with MC-38 (09), MC-38/MUC1 (O), Ad.MUCl-transduced MC-
38 (U) or Ad-f3gal-transduced MC-38 (0]) cells at the indicated ratios. CTL activity was determined by1 the 4 h LDH release assay. T~he results are
e'xpressed as percentage cytotoxicity determined .from three experiments each performed in triplicate.

differentiation of the transduced cells into DC by cyto- or Ad.I•gal at a MOL ot 100 resulted in over 80% of the
kine stimulation.2' The differentiated DC expressed the cells expressing the transgene. Similar transduction
transgene and were functional in stimulating T cells in efficiencies were obtained in monocytes and fibroblasts.
r'itro.2 Whereas retroviral transduction requires prolifer- Whereas transduction at a MOI of 100 had no effect on
ating cells, adenovirus-transduced gene expression is not stimulation in the MLR assay, higher MOIs (200 and 500)
dependent on cell growth. The present studies demon- resulted in lower levels of T cell proliferation. This find-
strate that murine DC can be efficiently transduced by ing was associated with cvtopathic effects observed at the
adenoviral vectors. Transduction of DC with Ad+MUC1 higher MOIs.
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Figure 4 Antitumor activity of mice immunized with adenovirus-transduced DC or monocytes. (a) Mice were immunized twice with 5 x 10' Ad.MUCI-
transduced DC. Splenocytes isolated on day 20 were incubated with no antibody (W), rat IgG (0), anti-CD4 (A) or anti-CD8 (a) for I h at 40 C.
Splenocytes were incubated with MC-38/MUC1 cells at the indicated ratios. MC-38/MUCI cells were also incubated with 25 AgIml MA!b DF3 and
then mixed with splenocytes otherwise not exposed to antibody (13). CTL activity was determined by the 4 h LDH release assay for three experiments
each performed in triplicate. (b) Groups of 10 mice were immunized twice with 5 x 105 DC (A), Ad.MUCI-transduced DC (@) or Ad.0gal-transduced
DC (0). The mice were then challenged with subcutaneous injections of 2 x 105 MC-38/MUCI tumor cells. Tumor growth >3 mm in diameter was
scored as positive. Similar results were obtained in four separate experiments. (c) Mice were immunized twice with 5 x 105 DC (0), Ad.MUCI-
transduced DC (0) or Ad.MUCI-transduced monocytes (A). Splenocytes were incubated with MC-381MUCI cells at the indicated ratios. CTL activity
was determined by the 4-h LDH release assay for three experiments each performed in triplicate. (d) Groups of 10 mice were immunized twice with
5 x 105 DC (0), Ad.MUCZ-transduced DC (0) or Ad.MUCI-transduced monocytes (A). The mice were then challenged with subcutaneous injections
of 2 x 101 MC-38/MUCI cells. Tumor growth >3 mm in diameter was scored as positive.

Studies with retrovirally transduced CD34' cells that bones of C57B1/6 mice was treated with ammonium
differentiate to DC have not been performed in an animal chloride to lyse red cells. Lymphocytes, granulocytes
model; therefore, it is not known whether these cells are and Ia' cells were depleted by incubation with mono-
useful for in vivo immunization. The present studies dem- clonal antibodies (MAbs) 2.43 (anti-CD8; ATCC, Rock-
onstrate that immunization with Ad.MUC1- or Ad.p3gal- ville, MD, USA), GK1.5 (anti-CD4; ATCC), RA3-
transduced mouse DC induce CTL responses that are 3A1/6.1 (anti-B220/CD4SR; ATCC), B21.2 (anti-Ia;
specific for the transgene. Reactivity against adenoviral ATCC), RB6-85C (anti-Gr-1; Pharmingen, San Diego,
antigens was apparently low based on the selectivity of CA, USA) and rabbit complement. The cells were
the CTL response against DF3/MUC1 or P3gal. Treatment plated in RPMI 1640 medium containing 5% heat-inac-
of the CTLs with antibodies against T cell subsets indi- tivated fetal calf serum, 10 m~m HEPES (pH 7.4), 50 p.m
cated that the Ad-transduced DC stimulate a CD4' and 2-mercaptoethanol, 2 mM L-glutamine, 100 U/ml peni-
CD8- immune response. Significantly, induction of anti- cillin, 100 pLg/ml streptomycin and 500 U/ml recombi-
DF3/MUCI immunity with the Ad.MUCI-transduced nant murine GM-CSF (Boehringer Mannheim, Indiana-
DC was sufficient specifically to inhibit the growth of polis, IN, USA). After 7 days, the tightly adherent
DF3/MUCI-positive tumor cells. These findings support monocytes were harvested for transduction, while the
the usefulness of Ad-transduced DC for in vivo immuni- nonadherent and loosely adherent cells were collected
zation against tumor-associated antigens. and replated in 100-mm Petri dishes (8 x 106 cells per
Materials and methods dish). The nonadherent cells were removed after 30 min

by washing, and medium containing GM-CSF was
Cell culture added to the dish. The cells were incubated for 18-24
DC were isolated from bone marrow cultures as h and the floating DC population was then harvested
described." Briefly, bone marrow flushed from the long for analysis and transduction.



Ad-transduced DC in antiJmor imrnwity
JGong et at

Recombinant adenoviral infection Antitumor activity 1027

Ad.3gal and Ad.MUC1 are structurally similar repli- Mice were immunized twice (day 0 and 10) by intra-
cation-deficient recombinant adenoviruses in which the venous injection of 5 x 10' DC or monocytes. On day 18,
LacZ and DF3/MUCI genes,2 respectively, are under con- mice were challenged subcutaneously with 2 x 101 MC-
trol of the cytomegalovirus (CMV) immediate-early pro- 38 cells that stably express DF3/MUCI. 2

' Tumors >3 mm
moter and enhancer..- 2 4 DC and monocvtes were incu- or greater in diameter as determined by vernier callipers
bated with recombinant adenovirus at the indicated MOI were scored as positive.
for 6 h, washed and then cultured in medium containing
GM-CSF. Acknowledgements

Analysis of adenovirus-transduced DC This investigation was supported by PHS grant CA38493
Cells were washed with PBS and incubated with MAb awarded by the National Cancer Institute, DHHS.
D19-2F3-2 (anti-3gal; Boehringer Mannheim), DF3 (anti-
MUC1), Ml/42/3.9.8 (anti-MHC class I; ATCC), M5/114 References
(anti-MHC class 11; ATCC), 16-IOAI (anti-B7-1; provided I Steinman RM. The dendritic cell system and its role in immuno-
bv Dr Hans Reiser, Dana-Farber), GLI (anti-B7-2; genicity. Ann Rev lmmunol 1991; 9: 271-296.
Pharmingen) or 3E2 (anti-ICAM; Pharmingen) for 30 min 2 Porgador A, Gilboa E. Bone marrow-generated dendritic cells
on ice. After washing, the cells were incubated with pulsed with a class I-restricted peptide are potent inducers of
fluorescein isothiocyanate (FITC)-conjugated anti-ham- cytotoxic T lymphocytes. f Exp Med 1995; 182: 255-260.
ster, -rat or -mouse igG for analysis by FACScan (Becton 3 Mayordomo JI et al. Bone marrow-derived dendritic cells pulsed
Dickinson, Bedford, MA, USA). For immunoperoxidase with synthetic tumour peptides elicit protective and therapeutic
staining, the cells were centrifuged on to slides, incubated antitumour immunity. Nature Med 1995; 1: 1297-1302.

with MAb DF3 or MAb M5/114 and stained by the avi- 4 Celluzzi CM et al. Peptide-pulsed dendritic cells induce antigen-
specific CTL-mediated protective tumor immunity. J Exp Med

din-biotin complex method (Vector Laboratories, Bur- 1996; 183: 283-287.
lingame, CA, USA).25  5 Zitvogel L et al. Therapy of murine tumors with tumor peptide-

pulsed- dendritic cells: dependence on T cells. I Exp Med 1996;
Mixed lymphocyte reactions 183: 87-97.
Control and transduced DC were treated with 20 Gy ion- 6 Paglia P, Chiodoni C, Rodolfo M, Colombo MP. Murine den-
izing radiation. The cells were incubated at varying ratios dritic cells loaded in vitro with soluble protein prime cytotoxic
with "syngeneic (C57B1/6) or allogeneic (Balb/c) T cells in T lymphocytes against tumor antigen in vivo. I Exp Med 1996;
96-well flat-bottomed plates for 4-5 days. The T cells 183: 317-322.
were prepared by passing spleen suspensions through 7 Reeves ME et al. Retroviral transduction of human dendriticwa bcells with a tumor-associated antigen gene. Cancer Res 1996; 56:
nylon wool columns, incubating for 90 min in culture 5672-5677.
dishes and collecting the nonadherent cells. Stimulation 8 Henderson RA et al. Human dendritic cells genetically engin-
of T cells was assessed by pulsing with 1 p.LCi/well 3H- eered to express high levels of the human epithelial tumor anti-
thymidine (New England Nuclear, Boston, MA, USA) for gen mucin (MUC-1). Cancer Res 1996; 56: 3763-3770.
6 h and monitoring for tritium incorporation. 9 Kufe D et al. Differential reactivity of a novel monoclonal anti-

body (DF3) with human malignant versus benign breast tumors.
Immunoblot analysis Hybridoma 1984; 3: 223-232.
Lysates from control and Ad.MUCl-transduced DC were 10 Gendler S et al. A highly immunogenic region of a human poly-
subjected to electrophoresis in 6% polyacrvlamide gels morphic epithelial mucin expressed by carcinomas is made up

and analysis for reactivity with MAbs'DF3ý and DF3-P ~ of tandem repeats. I Biol Chem 1988; 263: 12820-12823.
11 Siddiqui J et al. Isolation and sequencing of a cDNA coding for

as described." the human DF3 breast carcinoma-associated antigen. Proc Natl
Acad Sci USA 1988; 85: 2320-2323.

Immunizations 12 Ligtenberg MJL, Vos HL, Gennissen AMC, Hilkens J. Episialin,
C57B1/6 mice were injected intravenously with 5x 105 a carcinoma-associated mucin, is generated by a polymorphic
DC or monocvtes on day 0 and again on day 10. gene encoding splice variant with alternative amino termini. I

Biol Chem 1990; 265: 5573-5578.
CTL assays 13 Merlo GR et al. Frequent alteration of the DF3 tumor-associated
CTL activity was determined by the lactate dehydrogen- antigen gene in primary human breast carcinomas. Cancer Res

1989; 49: 6966-6971.ase (LDH) release assay (CytoTox; Promega, Madison, 14 Ligtenberg MJL, Buijs F, Vos HL, Hilkens J. Suppression of
WI, USA).-" Splenocytes isolated from mice were sub- cellular aggregation by high levels of episialin. Cancer Res 1992;
jected to Ficoll density gradient centrifugation. The splen- 52: 2318-2324.
ocvtes were incubated with target cells at varying E:T 15 Haves DF, Silberstein DS, Rodrigue S, Kufe DW. DF3 antigen,
ratios in V bottom microtitration plates (Nunc, Roskilde, a human epithelial cell mucin, inhibits adhesion of eosinophils
Denmark), centrifuged for 3 min at 1000 g and incubated to antibody-coated targets. I himunol 1990; 145: 962-970.
for 4 h at 37C. At the end of coculturing, 50 p1 super- 16 van de Wiel-van Kemenade E et al. Episialin (MUC1) inhibits
natant were transferred to an assay plate and incubated cytotoxic lymphocyte-target cell interaction. J Immunol 1993;
with 50 Idl of substrate mixture for 30 min at room tem- 151: 767-776.
perature. Absorbance was determined at 490-429 nm bv 17 Gimmi CD et al. Breast cancer associated antigen, DF3/MUC1,

- induces apoptosis of activated human T cells. Nature Med 1996;
microplate reader (model 3550, BIO-Rad Laboratories, 2: 1367-1370.
Hercules, CA, USA). Killing of target cells by effectors 18-Inaba K et al. Generation of large numbers of dendritic cells from
was determined by the formula: cytotoxicitv (%) = 100 x mouse bone marrow cultures supplemented with granulocyte-
(experiment release - spontaneous release) /(maximum macrophage colony-stimulating factor. I Exp Med 1992; 176:
release - spontaneous release). 1693-1702.



Ad-transduced DC in antitumor immunity
J Gong et al

1028
19 Perev L et al. Tumor selective reactivity of a monoclonal anti- 23 Chen L et a). Breast cancer selective gene expression and therapy

body prepared against a recombinant peptide derived from the mediated by recombinant adenoviruses containing the
DF3 human breast carcinoma-associated antigen. Cancer Res DF3/MUCI promoter. I Clin Invest 1995; 96: 2775-2782.
1992: 52: 2563-2568. 24 Chen L et al. Selective transgene expression for detection and

20 Steinman RM, Witmer MD. Lymphoid dendritic cells are potent elimination of contaminating carcinoma cells in hematopoietic
stimulators of the primary mixed leukocvte reaction in mice. stem cell sources. I Cliu Invest 1996; 98: 2539-2548.
Proc Natl Acad Sci USA 1978; 75: 5132-5136. 25 Gong JL et al. Intraepithelial airway dendritic cells: a distinct

21 van Voorhis WC et al. Relative efficacy of human monocytes subset of pulmonary dendritic cells obtained by microdissection.
and dendritic cells as accessory cells for T cell replication. I Exp I Exp Med 1992; 172: 797-807.
Med 1983; 158: 174-191. 26 Franke L, Porstman T. A highly sensitive non-radioactive cyto-

22 Akagi J et al. Therapeutic antitumor response after immuni- toxicity assay for human target cells. I hnmunol Meth 1994; 171:
zation with an admixture of recombinant vaccinia viruses 259-262.
expressing a modified MUC1 gene and the murine T cell
costimulatory molecule B7. J Immunother 1997; 20: 38-47.



Breast Cancer Selective Gene Expression and Therapy Mediated by
Recombinant Adenoviruses Containing the DF3/MUC1 Promoter
Ling Chen, Dongshu Chen, Yoshinobu Manome, Yonghe Dong, Howard A. Fine, and Donald W. Kufe
Division of Cancer Pharmacology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, Massachusetts 02115

Abstract Human adenoviruses are non-enveloped double-stranded
DNA viruses with a genomic size of - 36 kb (5, 6). The El

4 The high molecular weight mucin-like glycoprotein, DF3 gene-deleted adenoviruses are replication defective and can be
(MUC1), is overexpressed in the majority of human breast grown in a packaging cell line transformed with the Ela and

4 cancers. Here we demonstrate that replication defective re- Elb genes (7). Adenoviral vectors deleted at the El and E3
combinant adenoviral vectors, containing the DF3 promoter regions are capable of accommodating DNA inserts up to 8 kb

4 (bp -725 to +31), can be used to express 13-galactosidase (8, 9). Moreover, adenovirus-mediated gene transfer is a highly
(Ad.DF3-pgal) and the herpes simplex virus thymidine ki- efficient means for delivery of genetic material into a wide
nase (HSV-tk) gene (Ad.DF3-tk) in DF3 positive breast spectrum of cells both in vitro and in animals. Although recom-

4 carcinoma cell lines. In vivo experiments using breast tumor binant adenoviruses hold promise for in vivo gene therapy and
implants in nude mice injected with Ad.DF3-fIgal demon- are being tested clinically (10), one of the limitations of this

S strated that expression of the fi-galactosidase gene is limited vector system for cancer therapy may be the nonspecific trans-
to DF3-positive breast cancer xenografts. Moreover, in an duction of therapeutic genes into nontarget cells. One strategy

S intraperitoneal breast cancer metastases model, we show to circumvent this limitation would be to use a tumor-tissue
that i.p. injection of Ad.DF3-tk followed by GCV treatment specific/selective promoter or enhancer to direct the expression

4 results in inhibition of tumor growth. These results demon- of a therapeutic gene in the desired target cells.
strate that utilization of the DF3 promoter in an adenoviral DF3 antigen (also designated MUC1 and episialin) is a mem-

4 vector can confer selective expression of heterologous genes ber of a family of high molecular weight glycoproteins which
in breast cancer cells in vitro and in vivo. (J. Clin. Invest. are aberrantly overexpressed in most human breast cancers. We

4 1995.96:2775-2782.) Key words: adenovirus - breast cancer have previously shown that monoclonal antibody mAb DF3, pre-
thymidine kinase - fi-galactosidase - gene therapy pared against a membrane-enriched extract of a human breast

carcinoma metastatic to liver, reacts with over 75% of primary
4 Introduction human breast carcinomas (11 ). Other studies have shown that

overexpression of the DF3 gene in human MCF-7 (12) and ZR-
4 Gene therapy is a potentially novel approach to cancer treat- 75 breast cancer cells (13) is regulated at the transcriptional

ment. In this context, transfer of suitable genetic material into level. Recent cloning and characterization of the 5' flanking
4 a specific cell type (either tumor or host) can be used to alter region of DF3 gene has demonstrated that the DF3 gene expres-

the phenotype of the target cell. One such strategy is based on sion is mainly regulated by sequences between positions -598
4 direct transfer of a "suicide gene" which encodes an enzyme and -485 bp upstream to the transcription start site (14).

such as herpes simplex thymidine kinase (HSV-tk)' that can In the present work, we describe the construction of replica-
4 activate a prodrug within tumor cells and thereby render the tion defective adenoviral vectors containing the E. coli/3-galac-

tumor cells sensitive to agents which are otherwise nontoxic to tosidase gene (Ad.DF3-/pgal) or the HSV-tk gene (Ad.DF3-tk)
4 the cell. For example, ganciclovir (GCV) is a nucleoside that under control of the DF3 promoter. We have evaluated expres-

is nontoxic to mammalian cells, but is lethal after phosphoryla- sion of the reporter gene in DF3-positive and -negative cells in
tion in cells that express HSV-tk (1-4). While gene therapy vitro and in vivo. We have also assessed the ability of Ad.DF3-
may provide a new therapeutic approach, clinical efficacy may tk to confer sensitivity to GCV in human breast cancer models
require gene delivery systems which possess both high gene in athymic nude mice. Our results suggest that an adenoviral

4 transduction efficiency and target cell specificity. vector system containing the DF3 promoter is capable of direct-
ing efficient and selective expression of heterologous genes in

4 DF3-positive breast carcinomas.

Address correspondence to Donald W. Kufe, M.D., Division of Cancer
4 Pharmacology, Dana-Farber Cancer Institute, 44 Binney Street, Boston, Methods

MA 02115. Phone: 617-632-3141; FAX: 617-632-2934.
4 Received for publication 24 July 1995 and accepted in revised form Cell culture. The MCF-7, ZR-75-1, BT-20, and MDA-MB231 breast

6 September 1995. cancer cell lines were obtained from American Type Culture Collection
, (ATCC, Rockville, MD). The Hs578Bst myoepithelial cell line derived

1. Abbreviations used in this paper: Ad, adenovirus; CMV, cytomegalo- from normal breast tissue adjacent to a infiltrating ductal carcinoma
virus; GCV, ganciclovir; HSV-tk, herpes simplex thymidine kinase; (15) and the human T98G glioblastoma cell line were also obtained
pfu, plaque-forming unit(s); X-gal, 5-bromo-4-chloro-3-indolyl /3-D- from ATCC. Cells were grown as monolayers in recommended culture
galactoside. medium supplemented with 10% heat-inactivated fetal bovine serum, 2

mM L-glutamine, 100 U/ml penicillin, and 100 /ug/ml streptomycin.
J. Clin. Invest. Cells were maintained in a 5% CO 2 humidified atmosphere.
© The American Society for Clinical Investigation, Inc. Recombinant adenoviruses. Recombinant adenoviruses Ad.DF3-figal
0021-9738/95/12/2775108 $2.00 and Ad.CMV-/3gal derived from type 5 adenovirus (Ad 5), were pro-
Volume 96, December 1995, 2775-2782 duced by homologous recombination in the human embryonic kidney cell
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Map units mined for 10,000 cells and compared with the fluorescence obtained
0 10 20 30 40 50 60 70 80 90 100 using a nonreactive immunoglobulin of the same isotype. (b) FACS-

S . ... GAL assay (18). Briefly, I x 106 cells were suspended in 50 ul of
serum-free culture medium and warmed to 37°C. An equal volume of

Ad 5 2 mM fluorescein di-1-D-galactopyranoside (FDG; Molecular Probes,
Eugene, OR) was added to each aliquot of cells. The cells and FDG

Recombinant _ _ _ __were mixed rapidly and incubated for I min at 37°C. Thereafter, cells
adenovirus were washed once with 4 ml ice-cold PBS and maintained in ice-cold

PBS until analysis on a Becton Dickinson FACScan.
Assays for GCV sensitivirv in vitro. Adenovirus (Ad)-infected and

DF31Promoter noninfected cells were plated at 4 x l04 cells/well in six-well plates.

GCV was added to the culture medium at various final concentrations
Expression LacZ or HSVtk (0-250,pM). After 6-7 d of incubation, cells were washed with PBS

ca t and trypsinized. The number of viable cells were determined by trypan
Ad 5 ITR SV40 polyadenylation blue exclusion. Cell number was also assessed using a colorimetric cell
Encapsidation signal signal proliferation (XTT) assay that measures the mitochondrial dehydroge-

Figure 1. Schematic representation of the recombinant Ad.DF3-f•gal nase activity of viable cells. Results are expressed as a growth ratio of
the number of cells in plates containing drugs as a percentage of thatand Ad.DF3-tk adenoviral vectors. Ad.DF3-/•6gal was constructed by i h ors o d n rgfe o tos

insertion of a f-galactosidase (lacZ) expression cassette containing the in the corresponding drug-free controls.in vivo gene transfer to human breast cancer xeno grafts. Female
DF3 promoter and SV40 polyadenylation signal at the deleted EI region
Ad 5 (1!.3-9.2 mu). Ad.DF3-tk is a structurally similar adenovirus in athymic nude mice (Swiss-nu/nu, Taconic, Germantown. NY), 20-25

grams, were used. For mice bearing MCF-7 or ZR-75- I tumors, a singlewhich the lacZ gene is replaced by the HSV-tk gene. pellet of 17#-estradiol ( 1.7 mg/60-d release; Innovative Research, To-

ledo, OH) was implanted subcutaneously one day before tumor inocula-

tion. (a) Subcutaneous tumor model. Cells ( MCF-7, ZR-75-i and MDA-

line 293 (7). The DF3 5' flanking region (-725 to -31) was inserted MB231) in exponential growth phase (I X 107 in 0.2 ml) were injected

into Xhol and Spel digested plasmid pCMV/•gal (provided by Dr. R. subcutaneously in the flanks of the animals. At 4 to 6 wk after tumor

Crystal, Cornell Medical Center, NY). The resulting plasmid pDF3,6gal implantation, up to 5 X 10' plaque-forming units (pfu) of purified

contains the E. coli /-galactosidase (lacZ) gene with the SV-40 polyade- recombinant adenovirus in 20 /1 were injected into MCF-7, ZR-75-1,

nylation signal under the control of DF3 promoter and SV-40 splice and MDA-MB231 xenografts, and into limb skeletal muscle. A Hamil-

donor/acceptor signal, flanked by Ad 5 map units 0.0-1.3 and 9.3-17.3 ton syringe with a 26-gauge needle was used for injection. The needle 4
(Fig. I). To construct Ad.DF3-tk, a 2.0-kb cDNA of HSV-tk (16) was was coated with fine charcoal particles to mark the needle tract in order

used to replace the lacZ gene in the shuttle plasmid pDF3figal (Fig. I ). to verify colocalization of the expression of the reporter gene with the

The shuttle plasmids were cotransfected by calcium phosphate precipita- viral injection. 3 d after adenoviral infection, the animals were killed

tion into 293 cells together with pJM 17 plasmid containing the adenoviral and expression of the reporter gene in tumor xenografts and host tissues

genome (kindly provided by Dr. Graham, McMaster University, Ontario, was evaluated. (b) Intraperitoneal tumor model. MCF-7 cells (5 X 106)
Canada). Recombinant adenovirus was isolated from a single plaque and were injected i.p. for the development of intraperitoneal tumors (day

expanded in 293 cells. The viral DNA was purified and analyzed by 0). On days 4 and 5 after tumor cell injection, I X 10' pfu adenovirus

restriction enzyme digestion and by polymerase chain reaction (PCR). in 0.5 ml PBS were injected i.p. into the mice. On day 7, the animals 4

A pair of primers, 5'-TCrAGACTAGTGGACCCTAGGGTrCAT- were treated with either saline or GCV ( 125 mg/kg) daily for 4 d by

CGGAG-3' and 5 '-AACTCGAGGATTCAGGCAGGCGCTGGCT-3' i.p. injection. The animals were killed at 5-6 wk after tumor inoculation. 4
was used to amplify and verify the presence of the DF3 promoter (-725 Tumors were collected and weighed for each animal.

to -31 ) in the viral genome. Ad.CMV-Iigal and AD.CMV-tk are structur-
ally similar replication-deficient recombinant adenovirus in which the
lacZ and HSV-tk genes, respectively, are under the control of cytomegalo- Results
virus (CMV) immediate-early promoter and enhancer. Large scale pro-
duction of recombinant adenovirus was accomplished by growth in 293 Selective expression of /-galactosidase in human cell lines in
cells and purification by double cesium gradient ultmcentrifugation as vitro. Expression of /-galactosidase was evaluated in Ad.DF3-
described (17). The titers of purified adenovirus were determined by a /6gal-infected MCF-7, ZR-75-1, BT-20, and MDA-MB231
spectrophotometer and by plaque assays. breast cancer cells. In addition, Hs578Bst, a myoepithelial cell

Adenovirus infection in vitro. 24 h after plating, cells were infected line derived from normal breast tissue and T98G, a human
with adenovirus at a multiplicity of infection (MOI) of 10-50. 48 h glioblastoma cell line were used in these studies. Each cell line
later or at a specified time post infection, cells were evaluated for the ias toma
expression of the reporter gene or evaluated for sensitivity to GCV.

Assays for 61-galactosidase. Histochemical staining with 5-bromo- MOI of 50. Expression of /-galactosidase was observed in

4-chloro-3-indolyl 6i-D-galactoside (X-Gal). Sections of fresh frozen MCF-7, ZR-75-1, and BT-20 cells infected with Ad.DF3-figal

tissue ( 12 pm) or cells were fixed with 0.5% glutaraldehyde in phos- (Fig. 2, A-C), whereas little if any 6-galactosidase activity
phate-buffered saline (PBS) containing I mM MgCI, for 10 min, rinsed could be detected in similarly infected Hs578Bst, MDA-MB231

with PBS, and then incubated with X-Gal (I mg/ml), 5 mM and T98G cells (Fig. 2, D-F). In contrast, all of these cell
K3Fe(CN) 6 , 5 mM K4Fe(CN) 6 , I mM MgC1, in PBS for 4 h. lines showed strong expression of /-galactosidase when in-

Fluorescence-activated cell sorting (FACS) analysis. (a) Indirect fected with Ad.CMV-i6gal (Fig. 2, G-I) in which the reporter
immunofluorescent analysis of DF3 antigen. Cultured cells ( 1-2 X 106) th

were washed extensively with I% bovine serum albumin (BSA) in PBS gene is under control of the CMV early promoter and enhancer.

and incubated with mAb DF3 (I pg/ml) or isotype identical control MCF-7 cells tnfected with Ad.DF3-/3gal at an MO! of 50 exhib-

antibody mouse lgG (F-8765; Sigma Chemical Co., St. Louis, MO) at ited highest 3-galactosidase activity at day 3 to day 7 post

4°C for I h, and then washed with 1% BSA/PBS. Cells were incubated infection. Transgene expression gradually decreased to - 15%
with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse of maximum at 2 wk after infection (data not shown).
lgG (F2012; Sigma Chemical Co.) at 4°C for I h, washed and analyzed Expression of 63-galactosidase in Ad.DF3-/3gal-infected
on a Becton Dickinson FACScan. Intensity of fluorescence was deter- cells correlates with the expression of DF3. To assess whether

2776 Chen et al.
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Figure 3. /3-galactosidase expression in Ad.DF3-I3gal infected cells cor-
relates with expression of DF3 antigen. (A) FACS analysis to detect
the presence of DF3 antigen in MCF-7, ZR-75-1, and Hs578Bst cell .
lines. Cells were incubated with mouse IgG as control (curve a) or 50-

MAb DF3 (curve b) and then FITC-conjugated anti-mouse lgG. (B)
FACS-GAL assay to analyze /3-galactosidase activity in uninfected cells
(curve a) or Ad.DF3-I3gal (MOI = 50) infected cells (curve b). y-axis
indicates relative number of cells, x-axis shows fluorescence intensity. 00

CHs578Bst

with Ad.DF3-f/gal appear to express 6-galactosidase with an 100-
increase in mean fluorescent intensity of up to 35-fold (Fig. 3
B). In contrast, there was little if any expression of f-galactosi-
dase in Ad.DF3-figal-infected Hs578Bst cells (Fig. 3 B). These
findings support a correlation between the presence of cellular so-
DF3 antigen and expression of f3-galactosidase in Ad.DF3-/3gal-
infected cells.

Ad.DF3-tk sensitizes DF3-positive MCF-7 and ZR-75-1

breast cancer cells to GCV in vitro. Given the finding that the 0 1
DF3 promoter can direct selective expression of a reporter gene, 0.01 0.1 1 10 100 1000

we replaced the fP-galactosidase gene in Ad.DF3-/3gal with GCV (p.M)
HSV-tk. To determine whether Ad.DF3-tk can confer sensitivity
to GCV, MCF-7 and ZR-75-1 cells were transduced with Figure 4. Ad.DF3-tk selectively sensitizes DF3-positive breast cancer

.7;. Ad.DF3-tk at MOls of 10 and 50. Ad.CMV-tk was used in cells to GCV. Cells were infected with Ad.DF3-tk or Ad.CMV-tk at

"order to assess HSV-tk gene expression under control of the MOls of 10 to 50. Uninfected cells or cells infected with Ad.CMV-

different promoters. Infection with Ad.DF3-tk had little effect 63gal were used as controls. 48 h later, cells were replated at 4 X 10'

on cell viability (Fig. 4). Moreover, Ad.DF3-tk transduction cells/well in 6-well plates. GCV was then added at concentrations rang-
conferred sensitivity of both MCF-7 and ZR-75 cells to GCV ing from 0 to 250 y.M. After 6-7 d of incubation, viable cells were
(scounted using trypan blue exclusion. The effect of GCV on cell survival

S(Fig. 4, A and B), while nontransduced cells or cells transduced was expressed as the growth ratio, i.e., cell number in wells containing
with Ad.CMV-i6gal or Ad.DF3-j6gal (data not shown) were drug as a percentage of the corresponding drug free control (meantSE

insensitive to GCV (Fig. 4). As previously demonstrated (19, for duplicate determinations. (-0-) no adenovirus; (-0-)
20), similar results were obtained when cells were exposed to Ad.CMV-/3gal (MOI = 50); (-a--) Ad.DF3-tk (MOI = 10);
GCV for 6-7 d or to GCV for 24 h followed by incubation for (-A-) Ad.DF3-tk (MOI = 50); (-.-) Ad.CMV-tk (MOI 50).
5-6 d in media (data not shown). The degree of Ad.DF3-tk- Similar results were obtained in three separate experiments.

mediated GCV sensitivity was comparable to that obtained with
Ad.DF3-tk. In contrast, when Ad.DF3-tk and Ad.CMV-tk were
"used to in infect DF3-negative Hs578Bst epithelial cells, only the surrounding normal tissue (Fig. 5 B). In contrast, when

Ad.CMV-tk infected cells were sensitive to GCV (Fig. 4 C). Ad.DF3-/3gal was injected into DF3-negative MDA-MB231 tu-

In vivo targeted gene expression in human breast cancer mors grown in nude mice, there was no detectable /3-galactosi-

xenografts. To ascertain whether Ad.DF3-fOgal can confer selec- dase staining along the needle tract (Fig. 5 C). Intramuscular

tive expression of 3-galactosidase in vivo, we injected up to 5 injections of Ad.DF3-f3gal also resulted in no detectable /3-

x 10' pfu of Ad.DF3-f3gal into MCF-7 and ZR-75-1 cells galactosidase activity (Fig. 5 D), while similar injections of

grown as subcutaneous xenografts in athymic nude mice. 3 d Ad.CMV-/3gal into skeletal muscle was associited with stroing
after adenovirus infection, the tumors were excised and assayed expression of 3-galactosidase (Fig. 5 E).
"for 0-galactosidase activity. Expression of P3-galactosidase was 6-galactosidase expression after systemic administratio" (.f
distributed extensively along the needle tract of Ad.DF3-3gal Ad.DF3-/3gal and Ad.CMV-/3gal. To further evaluate adenovi-

injection (as indicated by the co-localized charcoal particles) rus-mediated gene transfer to different tissues in vivo, 2 X 10"

in both MCF-7 and ZR-75-1 tumor nodules (Fig. 5, A and B). pfu of either Ad.CMV-/3gal or Ad.DF3-O3gal was injected via

Blue staining was detectable within the tumor mass, but not in tail vein. Mice were killed 4 d after the injection and sections
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Figure 5. Ad.DF3-figal mediated in vivo selective expression of 13-galactosidase in breast cancer cells. MCF-7, ZR-75-1, and MDA-MB231
Ixenografts weegonsubcutaneously inabmcnude mice. Adenovirus (5 x 108 pfu) was injected into the tumors or mouse limb skeletal

muscle using a 26-gauge needle coated with charcoal particles (indicated by the arrowhead). The tissues were harvested 3 d after viral injection.
4The frozen sections ( 12 Ari) were fixed in 0.5% glutaraldehyde and stained for )3-galactosidase activity with X-Gal for 4 h. MCF-7 (A), ZR-75-

1 (B). and MDA-MB231 (C) injected with Ad.DF3-agal. Mouse skeletal muscle injected with Ad.DF13-flgal (D) or with Ad.CMV-,6gal (E). All
panels X 100. Bar, 100 pm.

*of the liver, spleen, and lung were stained for 0-galactosidase + saline and Ad.DF3-tk + GCV. Adenoviruses were injected
4activity. Systemic injection of Ad.CMV-flgal resulted in expres- i.p. on day 4 after tumor inoculation. GCV or saline injections

*sion of /3-galactosidase in the liver parenchyma, in the splenic were then administered on day 7 after tumor inoculation. Un-
6red pulp, and diffusely in the lung (Fig. 6 A). By contrast, there treated mice and those treated with Ad.DF3-pgal or Ad.DF3-tk

was no detectable 6-galactosidase staining in these tissues in + saline developed multiple intraperitoneal tumors, with bloody
mice injected with Ad.DF3-flg,,al. Several foci of 6-galactosi- ascites. In contrast, there was no grossly identifiable tumor mass
dase staining (representing < 0. 1% of cells in tumor cross sec- or only a few small tumor clusters with no apparent ascites in
tions) were detected in MCF-7 tumors of animals that received the Ad.DF3-tkIGCV-treated mnice (Fig. 7, B and C). In other

4 systemic Ad.DF3-,6gal (Fig. 6 B). However, i.p. injection of studies. Ad.DF3-tk (2 X 10' pfi) was administered intrave-
*Ad.DF3-)3gat into mice bearing intraperitoneal MCF-7 tumor nously by tail vein to mice with intraperitoneal tumors. The

4 was associated with extensive expression offl-galactosidase in finding that treatment of these animals with GCV had no detect-
the tumor (Fig. 6 C). able therapeutic effect is in concert with the limited transduction

4Treatment of intraperitoneal breast tumor. To evaluate the of tumor cells after systemic administration of the vector (as
therapeutic efficacy of Ad.DF-3-tk in human DF3-positive breast shown in Fig. 6 B).
cancer cells in vivo, nude mice were inoculated i.p. with MCF-
7 cells. These mice developed tumor masses throughout the Discussion
peritoneal cavity and 2-4 nil of bloody ascites that contained prsnehredm staehtteDFgnero
tumor cells (Fig. 7 A). MCF-7 tumor bearing mice were treated The resultsprsnehredm staehtteDFgnero
with Ad.DF3-,6gal + saline. Ad.DF3-,6gaI + GCV, Ad.DF3-tk rnoter in the context of a recombinant adenoviral vector can

4
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Figure 6. Distribution of 3-galactosidase expression in mice injected systemically with recombinant adenoviruses. 4 d after adenovirus injection,
sections (12 MM) of the individual tissues were prepared and stained with X-Gal for 6-galactosidase activity. (A) Mice were injected with 2
x 109 pfu or Ad.DF3-/pgal or Ad.CMV-/3gal in 0. 1 ml PBS through tail vein. Expression of fl-galactosidase was evaluated in liver, spleen, and 4
lung. X40. Bar, 200 pm. (B) Mice bearing intraperitoneal MCF-7 tumors were given 2 X 10' pfu Ad.DF3-/3gal intravenously. Tumor was evaluated
for fi-galactosidase expression. X 100. (C) Mice bearing intraperitoneal MCF-7 tumors were given 2 x 10' pfu Ad.DF3-flgal i.p. Tumor was
evaluated for /-galactosidase expression. X 100. Bar, 100 pom.

confer selective expression of a reporter gene in DF3-positive Adenovirus-mediated gene transduction is independent of cell
human breast cancer cells in vitro and in vivo. Moreover, we replication and the virus is capable of infecting a broad spectrum
demonstrate that adenovirus-mediated transduction of HSV-tk of eukaryotic cells. However, one limitation of this vector sys-
under control of the DF3 promoter can confer selective sensitiv- tern may be nonspecific transduction of therapeutic genes into
ity of DF3 positive cells to GCV. These findings support the cells other than the target cells. This limitation may be critical 4
potential use of tumor-selective promoters to target expression when "suicide" genes are being delivered into tumors. There-
of therapeutic genes in adenovirus-mediated gene therapy. fore, one potential strategy is to design an adenoviral vector in

Currently available in vivo gene delivery systems generally which a therapeutic gene can be expressed selectively in tumor
lack target cell specificity. Nonviral approaches, such as ligand- cells with little or no expression in normal cells. Although ade-
DNA complexes mediated gene transduction through receptor novirus infects a wide range of cells, the present studies demon-
endocytosis have been reported to deliver genes through asia- strate that expression of a heterologous gene under the control
loglycoprotein receptors (21, 22). This approach, however, is of DF3 promoter in the context of an adenovirus vector is
largely hindered by the relatively low gene transduction effi- limited to DF3-positive breast cancer cells. Another limitation
ciency due to the endosomal/lysosomal trapping of the DNA of adenoviral vectors is the induction of an immune response ,
complex. Although other approaches such as the use of DNA that precludes prolonged transgene expression and repeated ad-
liposome complexes (23, 24) and direct injection of DNA (25) ministration. The development of an immune response to adeno- 4,

have been applied for direct in vivo gene transfer, they are also virus, although probably limited in athymic mice (30), could
limited by relative low gene transduction or restricted target also contribute to the antitumor activity associated with tk trans- ,
tissues. Retroviral vectors have been used extensively for gene duction and GCV therapy. Thus, studies in an animal model
transfer, particularly for ex vivo gene therapy (26-29). How- such as the one used in the present work may provide only
ever, application of retroviruses for in vivo gene therapy may certain insights into the eventual use of adenoviral vectors in
be limited by low viral titers and the dependence on target cell humans. In addition to the El-deleted adenoviruses, the devel-
replication. In addition, random chromosomal integration of opment of new generation vectors by deleting E2a (31 ) or E4
retroviruses may raise some potential safety concerns. (32) may further limit induction of an immune response. Fi-

Recently, recombinant adenoviruses have been employed as nally, systemic administration of adenoviral vectors is associ-
a highly efficient approach for in vitro and in vivo gene transfer. ated with predominant transduction of hepatocytes (33-35).

2780 Chen et al.
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0• Figure 7. Treatment of intraperitoneal MCF-7 breast tumors. MCF-7 cells

~0.2 * iiiiiiiii(5 × 106) were inoculated i.p. into nude mice. On days 4 and 5. mice
[.- • received i.p. injections of Ad.DF3-tk or Ad.DF3-I•gal (1 !x l0g pfu) in

0.0 0~ 0.5 ml PBS. GCV treatment was initiated on day 7 at a dose of 125 mg/
• • • • kg body weight daily via i.p. injection for 4 d. 6 wk after GCV treatment.4 .: .: .if animals were killed for evaluation. (A) Intraperitoneal tumor in an un-

U) C + ci +. treated mouse, showing multiple solid tumors (arrows) and bloody asci-
+ "• + tes. (B) Mouse treated i.p. with Ad.DF3-tk/GCV showing no evident
a, •, "; , intraperitoneal tumor. (C) Tumor masses from each group were collected

IL Ca and weighed (mean+SE, n = 6). In the Ad.DF3-tk + GCV treatment

.L ,0 group, two mice had no grossly visible tumor. Similar results were ob-
S< < tained in three separate experiments. Asterisk, significance (P < 0.001 )
< compared with other groups.

4

4The similar findings obtained in our studies further support the However, to our knowledge, there are no previous reports of
present limitations in using adenoviral vectors for the treatment using a tumor-selective promoter in the context of an adenovirus
of a disseminated tumor. These findings also support the poten- vector to selectively kill tumor cells in vivo. In the present

tial need for promoters that are not activated in hepatocytes, studies, we have demonstrated an efficient and selective ap-
To date, only a few tumor tissue-specific or -selective DNA proach to target expression of heterogous genes in DF3-positive

regulatory sequences have been identified. Moreover, most stud- breast cancer cells. Currently, recombinant adenoviral vectors
ies of selective promoters to target tumor cells wvere performed containing the DF3 promoter and other candidate therapeutic
in cell culture or ex vivo models. Selective expression in mela- genes including cytochrome P450 (40, 41 ), and cytosine deami-
noma cells has been reported using plasmids containing the nase (42, 43) are being developed.
promoters of the genes encoding tyrosinase and tyrosinase re-
lated proteins (36, 37). The promoter of the a-fetoprotein gene Acknowledgments
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